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Summary
Summary
Mg-Ti alloys with up to 46wt%Ti in solid solution have been produced by PVD with 
in-situ mechanical working. The in-situ mechanical working performed on these 
alloys had little effect on the general microstructure but it did reduce porosity by 
closing pores and flattening surface asperities. The in-situ mechanical working 
effect was restricted to within 200-400nm of the flail line. All the alloys exhibited 
compositional inhomogeneity, columnar microstructures and typical PVD defects. 
The lattice parameters and the thermal stabilities of the alloys decreased with 
increasing Ti content, the most stable solid solution breaking up above 566 K.
A Mg-2wt%Zr alloy was produced by PVD and underwent an isothermal forging 
treatment. The isothermal forging eliminated almost all the characteristic PVD 
features. The microstructure of the forged alloy consisted predominately of 
equiaxed grains with almost no compositional banding. The isothermal forging 
eliminated completely the severe cracking seen in other as deposited PVD Mg-Zr 
alloys.
The air formed oxide film on the Mg-Ti alloys contained a mixture of MgO and 
TiOg covered by Mg(0 H) 2  and hydromagnesite at the outermost surface. 
Magnesium oxide and titanium oxide were also formed at the columnar boundaries 
of the PVD microstructure that was not affected by in-situ mechanical working. The 
surface film formed on the forged Mg-Zr alloy consisted mainly of MgO with possibly 
some Mg(OH ) 2  also being present.
The corrosion resistance of the PVD in-situ mechanical worked Mg-Ti alloys in 
3wt% NaCI was inferior to that of pure PVD Mg. Corrosive attack was more 
favourable at sites of mechanical working owing to the different microstructure and 
higher Mg concentration at the flailed areas. This resulted in exfoliation of the alloys. 
The corrosion product contained a mixture of MgO, Ti02 and some Mg(OH ) 2  at the 
outermost surface.
The corrosion products on the Mg-Zr alloy after total immersion corrosion tests in 
3wt% NaCI were identified as MgO and Mg(0H)2. No conclusive evidence was 
found for the participation of Zr in the corrosion products formed on the isothermally 
forged Mg-2wt%Zr alloy after immersion in 3wt% NaCI.
The alloying behaviour of Ti in Mg has been studied using high energy XPS and 
measurements of Auger parameter changes. It was found that in the presence of a 
core hole Ti was screened better in the alloyed state than in the pure metal (in 
contrast to Mg). This suggests a charge transfer from Mg to Ti. The amount of 
charge transfer for a given level of alloying addition was smaller in PVD Mg-Ti alloys 
than in the PVD Mg-V alloys studied by Diplas and co-workers.
The Mg 1s plasmons were studied to identify any changes at the electronic level 
upon alloying. The intensity of the Mg Is  plasmons decreased as the level of Ti 
alloying additions increased. This is probably related to the formation of new hybrids 
via electron redistribution from the Mg sp band to the Ti 3d band, where the 
electrons are more strongly bound. The increase in the plasmon energy was due to 
the increase in the valence electron density upon alloying with Ti.
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Chapter 1 Introduction
Magnesium alloys have a low density, which is approximately 2/3 that of aluminum 
alloys, and therefore are good candidate materials for lightweight structural engineering 
applications. However, the prospect of their use as engineering materials is restricted 
by their poor corrosion resistance in saline environments and their poor room 
temperature formability.
Magnesium and its alloys have to compete with the very high corrosion resistance of AI 
and its alloys in order to be considered for most structural engineering applications. 
This need for an increased corrosion resistance has led to dedicated studies into 
improving the corrosion resistance of Mg alloys.
The high electronegativity of Mg causes further problems with galvanic corrosion, 
especially when Mg is in contact with more noble metals. The corrosion resistance of 
conventional processed (CP) Mg alloys like AZ91 (Mg-9AI-Zn) was improved by the 
introduction of high purity versions of these alloys [Polmear 1995]. Production 
techniques were changed to keep the level of certain impurities below tolerance limits. 
Iron, Ni and Cu are some of the impurities in Mg alloys, and they come from the 
production of Mg. These impurities reduce the corrosion resistance of Mg and its alloys 
as they cause galvanic corrosion within the Mg microstructure.
In recent times research into the corrosion resistance of Mg alloys moved away from the 
conventional processing of Mg alloys and into the area of rapid solidification (RS) 
processing. The benefits of RS processing are well known; extended solid solutions, 
metastable phases and refined microstructures [Jones 1990]. These benefits have 
enabled the development of new Mg alloys.
Previous studies have established that the extended solid solution of certain elements in 
Mg has increased the corrosion resistance in NaCI solutions. For example, AI additions
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have been found to improve the corrosion resistance of Mg alloys, and this has been 
attributed to the presence of AI in the surface oxide film [Baliga 1990, Neite et al 1996].
Baliga [1990] studied the effect of AI additions on the corrosion behaviour of rapidly 
solidified Mg-AI splats. It was shown that with an AI content greater than 10wt%, the AI 
formed a spinel on the surface of the alloy. During subsequent corrosion in a NaCI 
solution, protection was afforded by the formation of surface compounds belonging to 
the pyrorite-sjogrenite group of minerals [Baliga 1990, Baliga and Tsakiropoulos 1992]. 
On the basis of the corrosion mechanism proposed for the increased corrosion 
resistance of Mg-AI alloys, other alloying elements, which could give increased corrosion 
resistance, were suggested. Titanium and V were included among these alloying 
elements.
Bray [1990 ], using physical vapour deposition (PVD) of Mg alloys, concentrated on the 
microstructure of the alloys and considered the role of the thermodynamics of solute 
oxide formation, specifically those solutes which could possibly form stable self-healing 
protective oxides such as Cr, Si and Mn, on Mg and its alloys.
From this study it was suggested that Mg alloys can be protected by alloying with 
elements that form stable, protective and self-healing oxide layers, which are stable over 
a wide pH range. The alloying element should oxidize selectively in preference to Mg to 
provide this oxide layer. This approach selected a number of candidate alloying 
elements which included Al, Ti, V and Zr.
A range of different alloying elements in Mg have been investigated by RS processing, 
in particular the effect of the extended room temperature solid solubilities of alloying 
elements on the properties of the alloys [Hehmann 1984,1988, Ahmed et ai 1990]. 
Recent work has concentrated on using PVD as the non-equilibrium processing 
technique. PVD offers many benefits such as the ability to process materials under very 
high equivalent cooling rates of approximately 10^  ^ K s '\ and also the ability to alloy 
elements which cannot normally be alloyed from the melt and the reduction in harmful 
impurities by vapour distillation [Bunshah 1982].
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Diplas [1998] studied the microstructure of PVD Mg-V and Mg-Zr alloys, and the nature 
of the corrosion products formed and their role in the corrosion of these alloys. It was 
found that additions of Zr to Mg increased the corrosion resistance of Mg and that 
alloying Mg with V had the opposite effect. One of the main suggestions of Diplas 
[1998] for future work was to investigate PVD alloys processed to reduce the PVD 
induced porosity in the alloys and to remove the columnar microstructure, both of which 
affect the corrosion resistance adversely.
One way of changing the PVD deposit microstructure is to change the depositing 
parameters. However, changes to the collector temperature are restricted owing to the 
primary concern, which is to retain the solute in solid solution.
The alloy systems studied in this thesis were identified in the earlier works of Bray, 
Baliga and Diplas [Bray 1990, Baliga 1990 and Diplas 1998] which showed that Ti and 
Zr solute additions to Mg increased its corrosion resistance.
In this study mechanical working was used to reduce the inherent porosity in the alloys 
and change the columnar microstructure of the deposits. The Mg-Ti alloys were 
fabricated by PVD with in-situ mechanical working. The Mg-Zr alloy could not be 
mechanically worked in-situ, therefore, the alloy studied in this thesis was fabricated by 
PVD and then isothermally hammer drop forged.
The aim of this research was to study the effect of mechanical working on the 
microstructure and corrosion resistance of Mg-Ti and Mg-Zr alloys and to identify the 
corrosion products formed. In order to achieve this, a suitable combination of 
experimental techniques was chosen for a comprehensive analysis of the surface and 
bulk of the alloys. These included such techniques as X-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
photoelectron spectroscopy (XPS) and differential scanning calorimetry (DSC).
The outline of the thesis is as follows. The literature on Mg alloys, including their 
corrosion behaviour and the development of Mg alloys ; is reviewed in chapter 2 briefly. 
Chapter 3 details the processing of the alloys and the experimental techniques used in
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the analysis of the alloys. Chapters 4 and 5 present the results for the Mg-Ti alloys in 
the as deposited condition and after corrosion in 3wt%NaCI solution. Chapter 6 details 
the analysis of an isothermally forged Mg-Zr alloy. Chapter 7 studies the electronic 
changes that take place when metastable Mg-Ti solid solutions are formed and presents 
a calculation of charge transfer between Mg and Ti. Conclusions and suggestions for 
future work are presented in chapter 8.
Chapter 2 Literature survey
Chapter 2 Literature survey
2.1 Introduction
The low density of Mg and its alloys makes it attractive as a structural engineering 
material. However, the high electrochemical activity of Mg and the lack of a stable, 
protective oxide film in saline environments have hindered the use of Mg and its alloys in 
engineering applications. Some important issues that have been exploited for many 
years include;
1. Magnesium as an alloying element in aluminium gives Al alloys exceptional 
mechanical properties and corrosion resistance.
2. Magnesium is a powerful reducing agent used in the extraction of reactive metals 
such as titanium, zirconium and uranium.
3. Magnesium is used in chemical and electrochemical applications such as in 
Grignard reactions and cathodic protection.
It is fair to say that Mg has lived in the shadow of Al, as most Al producers are also Mg 
producers.
Magnesium alloys with their low densities and high specific strengths are attractive 
materials for aerospace applications. Despite these advantages, the use of Mg and its 
alloys has been limited by their poor corrosion resistance, particularly in the presence of 
a saline environment [Song et al 1997, Tunold et ai 1977]. Magnesium corrodes so 
readily in saline environments that it is often used as a sacrificial anode, when joined to 
more noble metals on structures such as ship’s hulls, steel pipes and buried pipelines 
etc. Magnesium has a low corrosion resistance, since the air formed film, usually a form 
of magnesium hydroxide, is generally incomplete and does not give high levels of 
protection, compared to the air formed film on Al. In aqueous environments Mg can 
cover itself with a quasi-passive MgO or Mg(0H)2 film. These films offer significant 
corrosion protection in alkaline environments with pH's from 8.5 up to 11.5. The exact
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pH depends on the concentrations of the dissolved substances, figure 2.1 [Pourbaix 
1966]. However, anions such as chlorides, sulfates and nitrates, which can be present 
in water and salt solutions, destroy the passivity offered by Mg(OH)2 . In addition. Mg 
dissolves in mineral acids very rapidly, except in chromic and hydrofluoric acids. The 
latter produces a protective Mgp2  film, which inhibits attack by most other acids 
[Polmear 1995].
The corrosion behaviour of Mg and its alloys is influenced by several factors such as 
alloy composition, corrosive medium, processing conditions, design, assembly practice 
and properties of the surface films. The corrosion of Mg is also affected strongly by the 
presence of impurities such as Fe, Ni and Cu. Some of these elements have well 
defined tolerance limits above which the corrosion rates increase dramatically [Hanawalt 
et al 1942]. Magnesium suffers mainly from galvanic and localized corrosion, as well as 
some stress corrosion and corrosion fatigue. The introduction of high purity Mg alloys, 
surface treatments and non-equilibrium processing have all contributed to overcoming 
the corrosion problems of Mg and its alloys.
2.2 Atomic structure of Magnesium
Magnesium has a hexagonal close packed atomic structure with an atomic radius of
0.320 nm. Using the Hume-Rothery criteria for solid solution formation, specifically the 
difference in atomic size not being greater than ±14%, the atomic radius of Mg is of 
favourable size for alloying with several other elements. The lattice parameters of pure 
Mg, as given by Pearson [1967] are a= 0.321 nm, c=0.521 nm and c/a = 1.6235. The 
co-ordination number for Mg is 6. Table 2.1 shows the equilibrium solid solubility limit of 
different elements in Mg at 295 K.
The electronic configuration of Mg in the ground state is 1s^ 2s^ 2p® 3s^, which consists 
of full inner electron shells and a partially full M shell, with the two outermost electrons in 
the 3s sub-shell. The electronegativity of Mg on the Pauling scale is 1.2 [Nuffield 
Advanced Science Book of Data, 1992].
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Jones [1986] suggested that to extend the equilibrium solid solubility of an element in 
Mg above 1 at% the atomic size difference must lie within ±12%, with Mn being the only 
exception. The electronegativity limit for the majority of the solid solution forming 
solutes in Mg is ±0.4 units difference from Mg. These margins have been reported to 
broaden by ion implantation by up to -15% to +40% and ±0.7 electronegativity units 
respectively [Jones 1986]. When the heat of solution (AHJ in the solvent was 
considered, a shift to more negative values was found to favour the extension of 
equilibrium substitutional solid solubility [Jones 1986]. In a plot of atomic size versus 
AHs the locus of the elements forming solid solution with Mg is shifted to negative AHg 
values, with Zr being on the border (AHg » 12kJ/mol) and V  being far outside the 
favourable limits at higher AHg values (AHg % 80kJ/mol).
Similar comments regarding the factors affecting solid solubility can be made for Mg 
PVD alloys (Mg-Mn, Mg-Cr, Mg-Si and Mg-Ti) where extended solid solutions have been 
formed [Bray 1990, Baliga et al 1997]. The atomic size of Mn lies within ±15% 
difference, it has a non-favourable AHg (=35 kJ/mol) [Jones 1986], different 
electronegativity value (1.5 units) and a different valence and crystal structure (cubic). 
The situation is worse for Cr since the difference in atomic size is more than 15%, it has 
a positive AHg value (close to V) outside the favourable limits [Jones 1986], a different 
crystal structure (bcc) and a different valency and electronegativity (0.4 units difference) 
compared to Mg. The atomic size of silicon i on the borderline of the ±15% margin and 
has a negative value for AHg (»35kJ/mol) [Jones 1986]. Silicon has a different crystal 
structure (diamond) a large difference in electronegativity (0.6 units) and has a tendency 
to form Mg-Si compounds rather than promoting the extension of solid solubility, 
because Si can complete the electron octet by forming covalent bonds (Si belongs to 
group IV A). Titanium has an atomic size within the favourable zone and the same 
crystal structure as Mg (hep) but the electronegativity difference (0.3 units) and the 
different valence restrict solid solubility. The AHg value for Ti is fairly positive around 40 
kJ mol'^ [Jones 1986], and therefore it is also non-favourable. As we will see below, 
using PVD as a non-equilibrium processing route, the above mentioned limitations 
affecting solid solubility can be overcome.
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2.3 Atmospheric corrosion of Magnesium
Pure Mg, when exposed to air, oxidizes rapidly to form MgO (AGfO MgO= -569.4 kJ 
moM). Residual moisture in the air hydrolyses MgO to form Mg(0H)2 (AG^e Mg(OH)2 = 
-833.6 kJ moM) [Makar and Kruger 1993]. In normal applications these layers provide 
adequate resistance to further atmospheric corrosion. Only when Mg is in contact with a 
saline environment does further corrosion become a problem. At temperatures below 
723 K the oxide film formed on Mg in dry oxygen is protective for long periods of time 
and the rate law for the oxidation of Mg in this region is parabolic. When Mg is oxidized 
above 723 K a non-protective MgO film is formed, which has a Pilling-Bedworth ratio of 
less than 0.81. The Pilling and Bedworth ratio is the ratio of the molar volume of the 
oxide formed to that of the underlying metal. This ratio gives an empirical guide to the 
protectiveness of the oxide scale in respect to the coverage of the oxide on the surface 
of the metal. Pilling-Bedworth argued that the oxide layer would be continuous if its 
volume was greater than that of the metal consumed by its production. If the oxide 
volume was less than that of the equivalent mass of metal, the layer would be cellular 
and porous so that gaseous oxygen would react with the metal surface. The change in 
the oxidation rate from parabolic to linear above 723 K is accounted for by the non- 
protective nature of the MgO film formed above 723 K. The growth rate at this stage is 
governed by the disintegration rate of the underlying film [Makar and Kruger 1993].
The effects of alloying additions on the oxidation rate of Mg have been studied by 
Leontis and Rhines extensively [Leontis and Rhines 1946]. They studied the linear 
oxidation of pure Mg and Mg alloys in the temperature range 685 K to 848 K. The alloys 
contained additions of Al, Zn, Pb, Sn, In, TI, Ga, Cd, Ag and Mn. They stated that 
alloying increased the oxidation rate of Mg whenever the melting point was significantly 
lowered by the alloying element. They proposed that at low temperatures and in the 
early stages of oxidation at higher temperatures Mg forms a protective oxide scale. This 
oxide scale, upon reaching a critical thickness, disintegrates spontaneously and the 
subsequent reaction between oxygen gas and magnesium takes place at or adjacent to 
the metal surface.
10
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Leontis and Rhines [1946] also studied the oxidation rate of Mg in SO 2  and CO 2  
containing atmospheres. Their results showed that the addition of SO 2  or CO 2  
suppressed nearly all oxidation and suggested that Mg could form protective oxides with 
SO2  and CO2 . Castle et al [1962] studied the effect of gaseous impurities on the high 
temperature oxidation of Mg and found that breakaway oxidation above 773 K was 
promoted by possible hydrocarbon impurities from the oxygen gas. Once the impurities 
where removed by gettering, the oxidation rate became very small.
2.4 Electrochemical corrosion of Magnesium
The dissolution of Mg in aqueous environments can be described by the reaction:
+ [1]
This reaction can be rewritten in terms of the following partial reactions:
M g  >Mg^^+2e~ [2]
2H^O + 2 e -  + 2 { 0 H y  [3]
+ 2 (077 )------- > A^(077)2 [4]
These reactions could also involve some intermediate steps, such as the production of 
monovalent Mg ions, which have very short lifetimes [Makar and Kruger 1993].
Previous studies [Song et ai 1997] have suggested that the kinetics of these reactions 
below pH 11 are controlled by the diffusion of reactants through the surface film [Makar 
and Kruger 1993]. More recent studies in solutions buffered to pH 9-10 favour a 
dissolution rate controlled by charge transfer at the corrosion potential and by diffusion, 
where stable films would be expected to form at potentials above -2 .4  to -2 .8  V (normal 
hydrogen electrode NHE) depending on pH [Makar and Kruger 1993].
As corrosion proceeds there is an increase in the pH because of the evolution of 
hydrogen gas due to the formation of Mg(0H)2. The protection provided by this film is
11
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very dependent on the conditions of exposure. Once the pH near the surface rises 
above about 8.5, the Mg(0H)2 protects the underlying Mg from further corrosion by 
passivating the surface. The exact pH is dependent on the concentration of the 
dissolved substances. Magnesium can be very corrosion resistant in small volumes of 
water that are free from aggressive anionic species as these species can disrupt the 
passivating nature of the Mg(0H)2 oxide film. Further atmospheric corrosion exposes 
Mg to CO 2 , which then forms magnesium carbonate that acts as a sealer for the 
Mg(0 H) 2  film giving further protection.
The quasi-passive hydroxide layer is destroyed by several anions, including chlorides, 
sulphates and nitrate anions. These anions are attracted to anodic sites on the surface 
of the alloy and subsequently form magnesium salts, which are soluble in water. This 
leads to the dissolution of the underlying metal and an increased corrosion rate.
As stated above, magnesium dissolves rapidly in aqueous solutions containing harmful 
anions by evolving hydrogen, unless the pH at the surface is kept above pH 8.5 
depending on the concentration. The factors affecting the corrosion of Mg are shown in 
the Pourbaix diagram, figure 2.1. Figure 2.1 shows the potential-pH diagram for Mg in 
water. Several regions are shown in the diagram. The three main regions are immunity 
(un-reacted Mg), passivity (by corrosion products) and general corrosion (Mg^""). These 
regions are separated by the chemical reactions 1 to 3 as given below:
Mg + H 2 O = MgO + 2H^ + 2e'
2: Mg^^ + H2 O = MgO + 2H^
3: Mg = Mg^^ + 2e-
Above a pH of about 8.5 (exact pH depends on the concentration of the dissolved 
substance) Mg is passivated by the formation of Mg(0H)2. Below an electrode potential 
of -2 .6  V the Mg has immunity, i.e. Mg becomes cathodic. Above -2 .6  V and below a 
pH of about 8.5 (depending on the concentration of the dissolved substance) general 
corrosion of Mg takes place. The lines marked 0, -2, -4, -6 are lines of "equisolubility" 
where the solubility of the different substances in all different dissolved forms has the 
same value (e.g. 10°, 10'^, lO '* and 10 ° g-atm, of the element considered per kilogram
12
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of water). The reason that there are different lines all marking the equisolubility of Mg is 
that as the pH increases the solubility of Mg(OH ) 2  in water decreases [Pourbaix 1966]. 
The dashed lines on figure 2.1 marked a and b are the reactions for water, a, expresses 
the reduction equilibrium for water according to the reaction:
Hz = 2H" + 2e-
and b, expresses the oxidation equilibrium according to the reaction:
2 H2 O = 0 2  + 4H^ + 4e"
(at a hydrogen or oxygen pressure of 1 atm.)
Another important phenomenon in the anodic dissolution of Mg and its alloys is the 
‘negative difference effect’ (NDE). The NDE is the difference between the anodic Mg 
consumption evaluated by hydrogen evolution and that calculated by Faraday’s law for 
the formation of Mg "^". This shows that the Mg corrosion rate in practice is greater than 
the predicted rate theoretically. This is known as the NDE [Makar and Kruger 1993].
Explanations for the NDE were summarised by Tunold et al. [1977] and include:
(a) Formation of metastable monovalent Mg ions.
(b) Film damage which increases the active electrode area.
(c) Spalling of metallic particles.
(d) Damage of the film by ions and formation of magnesium hydrides.
Makar and Kruger [1993] stated that Petty et al [1954] attributed the NDE to the 
existence of monovalent Mg. This conclusion was also supported by the work of 
Greenblatt [1956, 1958] and Przyluski and Palka [1970]. The work of Robinson and 
King [1961] led Makar and Kruger to dismiss the monovalent Mg argument and to 
conclude that film damage led to an increase in the active area and hence the NDE. 
King quantified this film damage theory later [King 1966] and further work by Tunold et 
al [1977] again attributed the NDE to an increase in the active area following film 
damage. Perrault [1970], however, argued that the NDE was due to the formation of 
MgHz, which is a strong reducer and unstable in water and eventually decomposes to 
form the hydroxide. Spalling of the Mg anode was attributed to be the cause of the NDE 
by several workers including Hoey and Cohen [1958] and James et al [1963]. They 
attributed this spalling or ‘chunk’ effect to the increase in the active area. Most of their
13
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findings were consistent with the work of Tunold ef al [1977] but, discrepancies did 
occur in the interpretation of events following film damage and how they caused the 
NDE.
2.5 Alloying elements and impurities
The high electrochemical activity of Mg makes it susceptible to internal galvanic 
corrosion when a variety of metallic phases with more positive electrode potentials are 
present in its microstructure. Extensive research on Mg alloys has studied the effect of 
alloying elements on corrosion. Hanawalt et al [1942] investigated the effect of different 
elements on the corrosion resistance of Mg casting alloys in 3wt% NaCI. Figure 2.2 
shows the generalised tolerance limits for the main impurities in Mg (Fe, Ni and Cu) 
schematically. Hanawalt et al [1942] estimated the tolerance limits to be as follows: Fe 
(0.015wt%), Cu (0.1wt%), Ni (0.005wt%), Co (<0.2wt%), Zn (2wt%), Ca (0.3wt%) and 
Ag (0.5wt%). When an element exceeded these values the corrosion rate increased 
with Zn gradually, with Ca moderately to rapidly, and with the heavier elements 
dramatically, see figure 2.3. Hanawalt et al [1942] also suggested that the effects of 
other elements like Pb, Sn, Cd, Al, Mn, Si and Na were negligible at concentrations up 
to 5wt%.
Hanawalt and co workers also investigated the synergistic effects of alloying elements 
on the corrosion resistance of Mg. They found that the presence of Mn or Zn increased 
the tolerance limit for Ni, but did not affect the limits for Fe and Cu. Increasing the Al 
content decreased the limits for Fe. However, when the same amount of Al was added 
to Mg containing 0.2%Mn the tolerance limit for Fe was unaffected. Their work 
suggested that Mn did not improve the corrosion resistance but, lessened the effect of 
certain other impurity elements [Makar and Kruger 1993].
Several mechanisms have been suggested to explain the beneficial effects of Mn, 
including the formation of Mn-Fe compounds and subsequent precipitation. Robinson 
and George [1954] showed that the encapsulation of Fe particles by Mn reduces the
14
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corrosive effect of Fe because the galvanic activity between Mn and Mg is less than that 
between Mg and Fe [Bakhvalov and Turkovskaya 1965].
Makar and Kruger [1990] and Hagans [1987] both showed that additions of Zn to Mg 
alloys increased the corrosion resistance of the Mg alloys by altering their susceptibility 
to pitting corrosion.
Yttrium can also be added as an alloying element but it is expensive, so it is usually 
added as a lower grade material containing up to 20-25% heavy rare-earth elements 
such as Gd, Dy and Nd. These elements have also been found to increase the 
corrosion resistance of Mg alloys [Kiryuu et al 1996]. The improved corrosion resistance 
of Mg-10wt%Gd, Mg-10wt%Dy, Mg-3wt%Nd-0.4wt%Zr, Mg-1 Owt%Gd-3wt%Nd-
0.3wt%Zr, Mg-10wt%Dy-3wt%Nd-0.4wt%Zr and WE54 alloys in 5wt% NaCI solution 
saturated with Mg(0 H) 2  was attributed to passivation due to the formation of MgH2  as 
well as to the presence of the elements in the MgO/Mg(OH ) 2  corrosion product [Kiryuu 
et al 1996]. The beneficial effects of the rare earth additions were thought to arise from 
the stabilization of MgO, Mg(0H)2 and 3 MgC0 3 .Mg(0 H)2 .3 H2 0  (Hydromagnesite) in the 
surfaces of these alloys [Kiryuu et al 1996].
Lunder et al [1989] investigated the effect of the p phase (MgiyAli2 ) present in AZ91 
alloys. It was shown that the p phase after a T6 heat treatment exists in the 
microstructure of AZ91 as a nearly continuous network of secondary particles along the 
grain boundaries. This heat treatment produced an alloy with an increased corrosion 
resistance in 5wt%NaCI solution for a pH between 4 and 14, which is wider than the 
range for testing both Mg and Al. This corrosion resistance was attributed to the p phase 
being inert to the chloride solution and acting as a corrosion barrier. The explanation 
given for the passive behaviour of the p phase particles was the de-alloying of the more 
active component to form an oxide enriched by the more stable compound. Detection 
via Auger electron spectroscopy of Al oxide co-existing with Mg oxide in the surface of 
synthetically produced MgiyAli2  in both the corroded and non-corroded conditions was 
considered to be the reason for the passivating behaviour of the MgiyAli2  phase [Lunder
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et al 1989]. This shows the ability of the particles to combine the passive properties of 
Mg in alkaline solution and of Al in neutral solutions.
2.6 Types of corrosion
The main corrosion mechanisms of Mg alloys are galvanic and localized corrosion. 
Galvanic corrosion is usually a result of inappropriate design and assembly of 
components. This type of corrosion is responsible for the poor corrosion reputation of 
Mg alloys. Galvanic corrosion occurs whenever the alloy is joined directly to another 
more noble alloy in the presence of an electrolyte, e.g. saline solutions. The second 
type of corrosion is caused by impurities present in the alloy, usually Fe, Ni and Cu. 
These impurities act as cathodic sites for hydrogen evolution. The driving force for the 
particular corrosive effect has been attributed to the difference in electrode potentials of 
Mg and the minor phase, minus the hydrogen overvoltage of the minor phase [Makar 
and Kruger 1993].
The introduction of high purity alloys with the impurity levels below their tolerance limits 
has proved essential in improving the corrosion behaviour of Mg alloys, for example, the 
introduction of high purity versions of the common AZ91 series alloys. Consideration for 
the design and assembly of the artifact can also prevent Mg galvanic corrosion. Some 
essential precautions are:
1. Minimization of water accumulation at contact points with dissimilar metals.
2. Choice of metal more compatible with Mg.
3. Insulation against electrical contact.
Few studies have addressed the forms of pitting, crevice and intergranular corrosion in 
Mg alloys, because galvanic corrosion tends to cause the most serious failures in Mg 
alloys. Studies have been concerned with the difference in pitting behaviour between 
rapidly solidified Mg alloys and cast Mg alloys and measured two parameters:
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1. /p the passive current density, which is a measure of the protective quality of the 
passive film.
2. Eft, the breakdown potential, which indicates the breakdown of the passive film, 
which results in pitting attack.
The greater the E„ the greater the resistance to pitting attack. Makar and Kruger [1993] 
showed that rapidly solidified Mg alloys had a breakdown potential around 200 mV 
higher than the as cast Mg alloys. The work of Hagans [1987] showed that the 
breakdown potential for Mg glasses (MgyoZngo) was around 400 mV higher than for as 
cast Mg alloys. This indicated that the films formed on the rapidly solidified and metallic 
glass alloys were more protective against pitting attack than the pure Mg.
According to Adamson [1976] crevice corrosion does not occur with Mg alloys. A form 
of attack at narrow gaps appears to be crevice corrosion. This attack is not true crevice 
corrosion, as true crevice corrosion is caused by the development of an anodic region 
within the crevice because of exclusion of oxygen and a cathodic region outside the 
crevice where oxygen is high. Magnesium corrosion is insensitive to oxygen 
concentration differences, so the driving force for true crevice corrosion is absent. The 
corrosion observed is caused by the retention of moisture in the crevice which, being 
unable to evaporate, promotes the corrosion of the metal in the narrow gaps over 
extended periods.
Just as with crevice corrosion, true intergranular corrosion does not occur with Mg 
alloys. The reason that Mg does not suffer intergranular corrosion is that the phases 
present at the grain boundaries are always cathodic to the grain centres. The grain 
centmes are thus anodic to the grain boundaries and the areas adjacent to the grain 
boundaries undergo corrosive attack causing the undercutting of the grains and their 
falling out. This type of attack has the appearance of intergranular corrosion, but it is 
not true intergranular corrosion because the attack is concentrated in the areas adjacent 
to the grain boundaries and not at the boundaries themselves.
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Stress corrosion cracking (SCO) has been studied in the binary Mg-AI system [Makar 
and Kruger 1993] and the results established several characteristics of SCO in Mg-AI 
alloys. Cracking is usually transgranular, though certain heat treatments can activate 
the intergranular mode by affecting grain size and grain boundary precipitation. 
Transgranular cracking involves quasi-cleavage on microstructural features such as twin 
boundary interfaces or crystallographic planes. Secondary phases that are present at 
these microstructural features initiate localized galvanic attack through interaction with 
the Mg matrix. Although hydrogen embrittlement has been recognized as the dominant 
mechanism for transgranular SCC in these materials, in some cases the existence of a 
bare surface provides entry for the cracking mode and thus the re-passivation rate 
becomes the important factor in the cracking process.
Research on corrosion fatigue has indicated that the fatigue crack growth is accelerated 
in the same environments as those which accelerate stress corrosion crack growth. It 
has also been shown that there is a distinct plateau in the curve crack growth velocity 
versus stress intensity, which indicates a constant crack growth velocity within a stress 
intensity range of 8-12 MNm°'^ [Makar and Kruger 1993].
2.7 Corrosion protection for Magnesium alloys
Listed below are some of the protective treatments available for Mg alloys to increase 
their corrosion resistance.
a) Use of high purity alloys
b) Protective films and coatings
c) Surface layer modification
d) Rapid solidification processing
The production of high purity alloys with decreased levels of harmful impurities has been 
a successful strategy. Reichek et al. [1985] showed that the corrosion rate of AZ91 in 
salt water was directly related to alloy purity. This led to the production of the high purity
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versions AZ91G and AZ91E, the latter has a salt spray corrosion rate nearly two orders 
of magnitude less than AZ91C. Similar results were found for alloys WE43 and WE54. 
Another study by Geary [1990] showed that, when comparing average pit depths, WE43 
and AZ91E had average pit depths about an order of magnitude less than the AZ91C 
alloy. The aluminium alloy A357 (AI-7Si-0.5Mg) had a lower average pit depth than 
WE43 and AZ91E, but its maximum pit depth was comparable. Geary [1990] also found 
that the galvanic corrosion behaviour of the AZ91E and WE43 alloys was not 
significantly better than AZ91C and other conventional alloys, indicating no change in 
the electrode potential of these alloys. Hot humid corrosion of the AZ91E and WE43 
was almost non-existent while the AZ91G alloy corroded significantly.
There are many types of protective coating and barriers which can be used for the 
protection of Mg alloys. These are given below [Polmear 1995]:
• Chemical treatments such as fluoride anodizing can remove surface impurities 
and can convert oxide layers into good bases for organic coatings.
• Electrolytic anodizing can produce hard ceramic like coatings, which offer 
abrasion resistance in addition to corrosion protection. The anodic films can also 
be resin sealed to offer very high protection levels.
• Epoxy resins can be used for corrosion protection. The epoxy resin is baked 
onto the component at about 475 K to give the required thickness.
• Standard paint finishes can also be used after a pre-treatment step or having 
been sealed in epoxy. Usually, a chromate-inhibited primer is used before the 
final coat.
• Vitreous enameling can be used if the alloy has a high enough solidus 
temperature and is not affected by heat treatments. Again pre-treatments are 
necessary to achieve good corrosion protection.
• Electroplating can be used after surface cleaning and pre-treatments such as 
zinc conversion coatings, then Gr-, Ni or some other metal can be deposited.
The use of protective films and coatings guards against atmospheric corrosion and 
hence increases corrosion performance. However, coatings do fail and so are not the
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answer to long term corrosion resistance. Oils and greases can also be used for 
short term protection.
Makar and Kruger [1993] have discussed two types of surface modification, ion 
implantation and laser annealing. Ion implantation produces a modified surface, where 
the implanted ions remain in substitutional or interstitial positions in solid solution, 
producing surface layers that could not be predicted by equilibrium phase diagrams. 
One of the main disadvantages of this technique is that it is a line of sight technique and 
it modifies only a thin layer.
Akavipat and co-workers [Akavipat et al 1984a, 1984b] showed that the implantation of 
Fe and B into AZ91C increased the corrosion resistance of the alloy. After implantation 
of Fe the nature of the attack on AZ91C was changed. The implanted Fe shifted the 
corrosive attack from the matrix near the MgiyAl^g particles to the Mg^yAliz particles 
themselves. This resulted in a more uniform corrosion and a reduction in the corrosion 
rate. The results for Fe implantation are in contrast to the deleterious effects of Fe 
present in the bulk microstructure of Mg and its alloys. It must be noted that Baliga and 
Tsakiropoulos [1993] could not confirm the above observations of Akavipat et al [1984a] 
when Fe or B were implanted into rapidly solidified Mg-16wt%AI alloy splats.
Laser surface melting is a modification technique that can lead to the formation of 
metastable solid solutions near the surface of the alloy. Cooling rates as high as 1x10^° 
Ks'^ can be achieved. This technique is therefore a form of rapid solidification 
processing and involves the melting and solidification of surface layers. Studies of the 
breakdown potential (Eb) on AZ91C alloys modified by laser surface meitingwith Al, Cr, Cu, 
Fe and Ni produced interesting results. As mentioned previously, Fe, Ni and Cu are the 
main impurities in Mg alloys and are very harmful to the corrosion resistance of Mg 
alloys. However, corrosion studies of the modified alloys in boric acid-borate solution 
with 1000 ppm NaCI showed improved breakdown potentials for all cases, especially Al, 
for which the Eb was shifted by 600 mV electropositively. The improvement in corrosion 
resistance was attributed to the structure and composition of the near surface region, 
shown to be a mixture of amorphous mixed oxides [Akavipat et a/ 1984a, 1984b].
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2.8 Rapid solidification processing and the corrosion resistance 
of Magnesium alloys
The microstructures and properties of vapour deposited Mg-Mn, Mg-Cr and Mg-Si alloys 
have been studied by Bray [1990]. Alloys were prepared by PVD and their 
microstructures examined. The Mg-Mn alloys contained typical PVD defects such as 
columnar grains, porosity and 'V  shape colonies of grains. TEM analysis of the alloys 
showed that second phase particles were present in all the Mg-Mn alloys. The particles 
were attributed to the precipitation of Mn and the break up of the solid solution. The 
particles were found distributed unevenly and near to columnar grain boundaries. XRD 
analysis of the deposits showed that the growth direction was parallel to the [0001] axis 
of the Mg lattice. The Mg-Cr deposits showed similar features to those of the Mg-Mn 
deposits. The porosity however was greater. The ‘V ’ shaped defects were found to be 
nucleated from embedded Cr particles. Later alloys were free from the embedded 
particles and their microstructures became more columnar, although porosity was still 
present between columnar grains. The XRD analysis of the deposits showed that the 
[0001] axis of the grains was parallel to the growth direction. No evidence of the 
precipitation of Cr could be found in the as deposited alloys. The Mg-Si deposits 
contained typical PVD features, and the porosity decreased as the Si content was 
increased. Porosity caused by embedded particles of Cr was reduced, compared to the 
other alloys. The growth direction was not always found to lie along the [0001] axis. 
The [1213] and [1216] directions were also observed.
Studies of the microstructures of PVD Mg-V and Mg-Zr alloys have been performed by 
Diplas [1998 ]. Diplas found the microstructures of Mg-V alloys to be similar to the 
alloys studied by Bray [1990]. The microstructures of the Mg-V alloys were columnar in 
nature with porosity located at the grain boundaries. The 'V  shaped defects were also 
present and a progressive grain refinement with increasing V content was identified. 
Vanadium precipitates were found in the alloys. The particles were located near the 
columnar grain boundaries as in the Mg-Mn alloys. PEELS analysis of the alloys found 
that oxides were present at grain boundaries.
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Studies of PVD Mg-Zr alloys found similar features. These were typical PVD defects 
and a preferred growth orientation along with porosity at grain boundaries and ‘V ’ shape 
defects caused by embedded Zr particles. Cracks were present in the alloys and were 
found along grain boundaries and PVD defects. TEM analysis indicated the presence of 
MgO and m-ZrOg between the columnar grains, which gives evidence for the poor 
mechanical stability of the deposits. The XRD studies showed that the basal texture of 
the deposits was in agreement with previous work [Bray 1990, Diplas et a/ 1998a].
The microstructure of metastable PVD Mg-Ti alloys has been investigated by Bagnall 
and co-workers [Bagnall 1996, Bagnall et al 1997]. Bagnall found that the as deposited 
microstructure contained typical PVD features such as columnar grains, porosity and 
exhibited an [0001] texture. The amount of Ti in solid solution was extended to 32wt%Ti 
by PVD. Heat treatments on the metastable alloys caused the precipitation of Ti 
throughout the alloy. The precipitates were uniformly distributed but were elongated 
perpendicular to the [0001] axis. The break down of the solid solution occurred in the 
range 473 K to 543 K.
Studies on the corrosion behaviour of RS Mg-alloys prepared by rapid quenching from 
the melt have been undertaken by many researchers. Das and Chang [1986] examined 
bulk RS Mg-AI-Si and Mg-AI-Zn-Si alloys produced by extruding crushed melt spun 
ribbons. Weight loss experiments showed that the alloys had excellent corrosion 
resistance compared with some commercial wrought AZ (Mg-AI-Zn) and ZK (Mg-Zn-Zr) 
alloys. The increase in corrosion resistance was attributed to RS improving the 
dispersion of harmful intermetallic particles. Additions of Mn increased the corrosion 
resistance further, probably due to a combined mechanism where Mn reacts with Fe to 
form a less harmful phase.
Splat quenched Mg-Ca alloys have also been studied and it was shown that an 
appropriate heat treatment of the splat quenched Mg-Ca alloy improved their corrosion 
resistance [Hehmann et a! 1986]. This improved corrosion resistance was attributed to 
the dispersion of Ca containing particles, which protect the Mg matrix cathodically.
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The corrosion resistance of melt spun ribbons of Mg binary alloys (Mg-X, X=AI, Ca, Li, 
Si and Zn) was also studied by Makar and Kruger [ 1990] and Makar et al [1988]. Their 
results indicated that AI caused a decrease in the corrosion rate of Mg, which is in 
agreement with other studies [Baliga 1990]. The oxide film was found to have a layered 
structure of MgO-(Mg,AI) oxide, which became thinner as the AI content was increased. 
The improved corrosion resistance of the Mg-AI alloys was attributed to the nature of 
this oxide film, which was enriched in Al.
Chang et al [1986] examined Mg-AI-Zn alloys containing Mn, Si and rare earth additions 
of Ce, Nd, Pr and Y. RS followed by consolidation of the crushed ribbons was used to 
produce the alloys. The alloys were tested along with conventional Mg alloys in 3wt% 
NaCI solution. The increased corrosion resistance of the RS alloys compared to the 
conventional alloys was attributed to the production of a more stable oxide film caused 
by the oxide forming tendency of the rare earth additions.
Krishnamurthy et al [1988a, b] reported that Y and Nd solute additions to RS Mg alloys 
reduced their corrosion rate. The improvement in corrosion resistance was suggested 
to be due to the microstructural refinement and homogeneity achieved with RS, and also 
due to the enrichment of the surface film with RE elements. RE elements also formed 
second phase particles, which owing to their slightly more negative electrode potential, 
compared to Mg, acted as sacrificial micro anodes and protected the Mg matrix. Similar 
results were reported by Hehmann et al [1987]. Hehmann and co-workers found that 
MgzsY^ precipitates had an anodic behaviour, which was suggested as being the reason 
for the increased corrosion resistance in the heat treated melt spun ribbons.
Baliga’s work on Mg-AI splats showed that the corrosion rate was reduced when the 
alloy contained more than 10wt.% Al [Baliga 1990]. The surface film formed on these 
alloys consisted of an admixture of Mg(OH)2 /MgO and MgAlgO^ spinel. It was proposed 
that in the corrosive solution the ions in the surface oxide competed with Cl’ ions for 
the anodic sites on the surface of the alloy successfully. This resulted in the anchoring 
of the corrosion product by the formation of a compound belonging to the pyroaurite- 
sjogrenite group of compounds. This surface film was much less permeable than the 
naturally formed MgO/Mg(OH)2 , due to the trapping of Cl’ within the brucite layered
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structure by the excess positive charge provided by the substitution of for Mg^^ 
[Baliga 1990, Baliga and Tsakiropoulos 1991, 1992, 1993]. On the basis of this work a 
number of solute elements e.g. Ti, V, Cr, Mn etc. were suggested as suitable alloying 
elements, as they are of a favourable size and have a valence higher than Mg.
2.9 Non-equilibrium processing techniques
As mentioned above, the earlier studies of the RS of Mg alloys used different 
techniques, from splat quenching to melt spinning and gas atomization [Hehmann 1984, 
1988, Jones 1986, 1990, Das and Chang 1986, Ahmed et al 1990]. These techniques 
have both advantages and disadvantages. It is necessary to obtain a molten material, 
which is then either "trapped" between fast moving piston and anvil, impinged on a 
rotating chill block (melt spinning) or destabilized by an inert gas (atomization) to obtain 
the rapidly solidified material. These RS techniques work well when there are no large 
differences between the melting points of Mg and solute element/s. However there are 
serious difficulties controlling the composition of the melt when the differences in the 
melting temperatures of the elements involved are very large. Physical vapour 
deposition (PVD) is a technique that has been used for the non-equilibrium processing 
of Mg alloys recently. This technique enables the production of novel Mg alloys using 
elements with widely different melting points and vapour pressures, which is not always 
possible by the RS techniques that involve rapid quenching from the melt.
2.10 Physical vapour deposition
The PVD process can be defined as the deposition of a solid material onto a substrate 
such as a metal. One unique attribute of the PVD process is that the deposit or coating 
is the result of non-equilibrium processes. The basic PVD processes are known as 
evaporation, ion plating and sputtering [Bunshah 1982]. Despite its recent use, PVD is 
not a new technique. Faraday first evaporated thin films in 1852 by exploding wires in 
vacuum and Grove produced deposits by cathode sputtering as early as 1852. The
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development of full density coatings by high rate PVD processes started in the 1960’s 
and in recent years specialized PVD processes such as reactive ion plating, activated 
reactive evaporation and reactive sputtering have also been developed. The PVD 
process contains three main stages:
1. Synthesis of the material to be deposited
2. Transport from the evaporation source to the substrate
3. Vapour condensation followed by film nucléation and growth
For Mg alloys the evaporation process usually takes place under vacuum of about 10'^ -  
10'^ Pa to reduce the contamination by oxygen and nitrogen.
The production of novel Mg alloys containing alloying elements with high melting points 
and high vapour pressures is possible by PVD. Evaporation of Mg and the alloying 
additions from separate sources and then co-depositing the vapours onto a collector 
plate is the only option when the elements forming the alloy have widely differing vapour 
pressures. A current configuration of vapour deposition for Mg alloys uses an electron 
beam for the evaporation of the alloying additions from a water cooled copper crucible, 
together with an annular steel boiler for the evaporation of Mg heated by radiant 
resistance heaters [Dodd and Gardiner 1997].
Impurity levels in the Mg alloys have been shown to increase the corrosion rate of Mg 
alloys (see above). Electron beam evaporation allows the purification or vapour 
distillation of the alloying element from the impurities through their differences in vapour 
pressures. Figure 2.4 shows the vapour pressures of some of the common impurity 
elements with Mg. The data in figure 2.4 shows that a vapour pressure of 1 Torr [133.3 
Pa] of Mg occurs at about 500°C. The vapour pressures of the impurities are orders of 
magnitude lower i.e. they are unable to evaporate, so they are left behind as impurities 
in the Mg charge.
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2.10.1 Microstructure
More extreme non-equilibrium conditions are possible in PVD than in most other RS 
techniques that involve rapid quenching from the melt. Typical equivalent cooling rates 
in PVD are about 10^  ^ Ks’  ^ [Turnbull 1981] while cooling rates in typical RS techniques 
such as melt spinning are about 10® Ks’L During PVD there are certain factors which 
affect the final microstructure of the deposits [Boone 1986]. These are:
I. The nature and temperature of the substrate
II. The deposition rate
III. The thickness of the deposit
IV. The angle of incidence of the vapour stream
V. The pressure and nature of the ambient gas phase
The formation of nuclei on the substrate takes place at low energy sites on the collector 
plate e.g. steps in the substrate, cracks etc. The nucléation is followed by an island 
growth stage where the nuclei grow both laterally and in thickness [Bunshah 1982].
The temperature of the substrate plays an important role in the final microstructure of 
the deposit. Studies by Movchan and Demchishan [1969], which were later augmented 
by Thornton [1975], have proposed models in order to explain the microstructure and 
morphology of thick deposits based on the temperature of the substrate, usually 
expressed as a function of the melting point of the deposit. At temperatures below 
«O.STm a very porous non-adherent deposit is formed. Above «0.5 T^ a fully dense 
structure is formed and above «0.7 T^ selective re-evaporation of some elements can 
occur [Boone 1986]. Figures 2.5 and 2.6 show schematic models of structural zones 
produced by PVD. The models indicate that the substrate temperature needs to be in 
excess of 0.45 T^ for metals in order to achieve a fully dense equiaxed grain structure.
The microstructures of PVD Mg deposits influence their corrosion resistance. Zone T 
structures with porosity and weak grain boundaries reduce the corrosion resistance of
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the Mg deposit by greatly increasing the grain boundary surface area to volume ratio 
and by providing short circuit paths for substrate attack. In general the equiaxed 
morphology contributes to a better corrosion resistance in Mg alloys. However, 
temperature constraints due to retention of the alloying element in solid solution in Mg 
must also be considered.
With the development of new Mg alloys, the microstructure of which consists of 
metastable solid solutions, the PVD microstructural morphology often needs to be 
compromised if the alloying elements are to be retained in solid solutions. Thus, the 
equiaxed morphology is unattainable because the increased substrate temperature 
would cause alloying additions to precipitate, thus reducing the corrosion resistance by 
introducing sites for galvanic corrosion.
Investigations by Boone [1986] have shown that contaminants can effect the columnar 
grain quality and the potential initiation of growth defects. Small imperfections are not 
covered up and incorporated in the deposit, as they are in other processes, but instead
they result in a growth abnormality, which is magnified as the deposit grows. Typical
growth defects identified by Boone are:
• ‘Flake’ type defects resulting from foreign matter usually present at the 
surface before deposition starts
• ‘Spits’, which are molten material ejected from the melt pool and are caused
by gas in the melt pool
• ‘Shadowing’, which causes porosity
A spit can act as a nucléation site for growth defects, as shown in figure 2.7. 
Shadowing is caused by a combination of line of site deposition and the presence of 
random high points on the substrate. These high points are closer to the vapour flux 
and so exhibit an accelerated growth compared to the shadowed surface. The result is 
an increase in the porosity surrounding these asperities as they experience a reduced 
vapour flux. Higher temperatures can reduce the effects of shadowing, as the surface
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diffusion of atoms is increased. However, the temperature constraints may make this 
solution impractical.
2.11 Corrosion of PVD Magnesium alloys
There have been several recent studies of the corrosion resistance of PVD Mg alloys. 
The alloying additions in Mg that were covered in these studies include: Cr, Mn, Si, V, Zr 
and Ti. The earliest work by Bray [1990 ] investigated the use of PVD to form Mg binary 
alloys with Mn, Cr and Si. Alloys were produced with up to 33wt%Mn, 39wt%Cr and 
6 wt%Si. All Mg-Cr alloy deposits were extended solid solutions, the Mg-Mn alloy 
deposits showed extended solid solutions but also contained Mn precipitates and the 
Mg-Si alloys with more than 0.8wt%Si contained MggSi precipitates. The corrosion rates 
were measured. Additions of up to 13wt%Mn and 2wt%Si had no significant effect on 
the corrosion rate of Mg in 3.5wt%NaCI solution even though Mn and MggSi precipitates 
were present. Additions of Cr or more than 20wt% Mn increased the corrosion rate 
compared to pure Mg. It was suggested that the Cr altered the form of the surface film 
making Mg-Cr more susceptible to corrosive attack [Bray 1990].
Baldwin et al [1996] studied the corrosion resistance of Mg-Cr, Mg-Mn and Mg-Ti alloys. 
As well as general corrosion tests open circuit potentials were measured, which gave 
information about changes in electrochemical activity. Figure 2.8 shows the relationship 
between the corrosion rate of these alloys and the alloying content. The lowest 
corrosion rate was recorded for a Mg-44wt%Ti alloy (0.3 mdd). Cr additions and Mn 
additions above 14wt% increased the corrosion rate, in agreement with previous work. 
Open circuit potentials (OCP) for the alloys are shown in figure 2.9, and show that the 
addition of more noble elements such as Mn, Cr and Ti all raise the OCP, i.e. the alloys 
become less electrochemically active. The results are significant in that the alloys 
produced should be less susceptible to galvanic corrosion than pure Mg. The 
explanation given for the increased corrosion resistance of the Mg-Ti alloy, as compared 
to pure Mg, was that the Ti probably formed a protective surface film which acted in a 
similar manor to Cr in Fe-Cr systems, in that a network of metal oxygen metal linkages
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was formed on the alloy surface thereby suppressing the dissolution of the more active 
underlying Mg rich matrix.
Further work on Mg-Ti alloys by Baliga et al [1997] used ion beam techniques to analyze 
the surface film formed on Mg-Ti alloys during corrosion. The results indicated the 
possibility of TiOg forming on the surface of the alloys during processing, which led to 
the increased corrosion resistance recorded. Baliga et al [1997] also linked the 
corrosion resistance of Mg-Ti alloys to the possible formation of Ti spinels during the 
corrosion of Mg-Ti alloys although no direct evidence was found. The enhanced 
corrosion behaviour of Mg-AI alloys in NaCI had already been attributed to the formation 
of spinels on the surface of the alloys [Baliga and Tsakiropoulos 1991]. Using the same 
approach for the protection of Mg-Ti alloys, the formation of the normal spinel MgTigO^ 
was sought in the processing of the alloys. The benefit of a Ti oxide to the corrosion 
behaviour of Mg-Ti alloys is that MgO can form solid solutions with many of the Ti 
oxides and Ti can form the hydrotalcite type of corrosion products if Ti is in the ionic 
state of 3+. These factors together with the fact that TiOg is insoluble in aqueous 
solutions and is stable over a wide pH range made Ti a suitable alloying element for 
improving the corrosion resistance of Mg alloys.
Work by Diplas and co-workers [Diplas 1998, Diplas et al 1998a, b, c, 1999a, b] on the 
corrosion resistance of Mg-V and Mg-Zr alloys showed that the poor corrosion 
resistance of the Mg-V alloys was due to the formation of a MgO.VgO^ oxide at V rich 
regions. This oxide was not stable because of the low thermodynamic stability of V 2 O4  
in saline environments. Solid solution break down and the absence of compositional 
uniformity through the thickness of the alloys also contributed to their poor corrosion 
resistance. The Mg-Zr alloys showed an improved corrosion resistance in 3wt.% NaCI 
solution. The corrosion scale was found to be non-porous but the loss of adherence to 
the substrate and the presence of cracks in the oxide was found to be due to the 
structure of the underlying deposit, which was highly cracked and had porosity and weak 
grain boundaries, as in zone T of the Thornton modified PVD structure model. Further 
work by Diplas and co-workers [Diplas 1998, 1999a, b] on PVD Mg-Zr alloys has shown 
that the increase in their corrosion resistance was due to the formation of an oxide layer
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consisting of a mixture of Mg(OH)2 /MgO and possibly amorphous Zr(0 H)4 , covered by 
an outermost layer of hydromagnesite,
2.12 In-Situ mechanical working of PVD Magnesium alloys
The microstructures produced by PVD have inherent PVD defects such as porosity and 
flake defects. Previously, mechanical working processes such as glass bead shot 
peening followed by a heat treatment have removed all of these defects and produced 
fully dense microstructures [Boone 1986]. Recent work [Dodd and Gardiner 1997] on 
the in-situ mechanical working of PVD Mg alloys using small hammers to lightly peen 
the surface (flailing) at intervals during deposition has shown that there is a reduction in 
the porosity of the deposit as long as the interflail spacing is close enough so as not to 
allow redevelopment of porosity as the deposit grows.
Magnesium, Ti and Zr all have hexagonal crystal structures, but the occurrence of 
recrystallisation in Mg is different from the behaviour of Ti and Zr, which appear to form 
highly recovered substructures. The difference arises from the availability of non-basal 
slip systems in Ti and Zr. The more limited slip modes of Mg lead to concentration of 
strain near grain boundaries, which appears as subgrain formation and misorientation 
increase [McQueen and Bourell 1988]. Thus, the limited capability for non-basal slip in 
Mg leads to a much greater sub-structural inhomogeneity within individual grains, which 
causes nucléation of a dynamically recrystallized grain boundary area; further 
deformation results in grain refinement in these regions.
According to Dodd and Gardiner [1997] the in-situ flailing of Mg alloys reduces the 
porosity in the deposited alloys and leads to dynamic recrystallisation at the sites of 
flailing. The forging of PVD Mg-Zr alloys, which should be used as an alternative 
method of mechanical working to eliminate porosity in PVD Mg alloys, would lead to 
greater grain refinement as the levels of stress in the deposit are higher during forging 
and the increased temperature would activate more slip systems in Mg. These effects 
have not been studied on PVD microstructures to date and there is no experimental 
evidence to support the above suggestions of Dodd and Gardiner [1997].
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2.13 Mg-Ti and Mg-Zr phase equilibria
According to the Mg-Ti phase diagram [Massalski 1992] shown in figure 2.10, there is 
little (0.01 at.%) solubility of Ti in Mg at 573 K. There is some agreement that there is a 
peritectic reaction in the Mg rich section of the Mg-Ti phase diagram, at which 
temperature the maximum Ti content is reached (0.12at.%). The peritectic temperature 
was reported to differ from the melting point of Mg by no more than 0.5 K [Massalski 
1992].
The Mg-Zr phase diagram [Massalski 1992] shown in figure 2.11 is also characterized 
by a peritectic reaction at the Mg rich end. The peritectic temperature is 926.6°G ±0.5 
K. The maximum solubility of Zr in Mg is 1.04at.% (3.8wt.%) and occurs at the peritectic 
temperature. It drops to 0.24 at.% at 573 K and stays about this level at room 
temperature.
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Table 2.1: Equilibrium solid solubilities of elements in Mg at 295 K [Froes et al 1987].
Solubility at.% Alloying addition
< 0 . 1 Ba, Ce, Co, Cu, La, Ge, Pr, Ni, Sr, Si, Sb, Ti
0 . 1 - 1 Zr, Th, Sm, Nd, Pd, Mn, La, Gd, Au
1 - 5 Ag, Bi, Sn, Ga, Yb, Y
5 - 2 5 AI, Zn, Dy, Er, Ho, In, Li, Lu, Pb, Sc, TI, Tm
> 2 5 Cd
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Figure 2.1 Electrochemical potential pH diagram for Mg in water at 298 K [Pourbaix 
1966]. The reactions at the boundaries 1 to 3 are: (1) Mg + H2O = MgO + 2H^ + 2e', (2) 
Mg^ "^  + H2O = MgO + 2H'’ and (3) Mg = Mg^ + 2e'. Lines a and b are the equilibrium 
reactions of water, which are: (a) H2 = 2H'' + 2e', the reduction equilibrium and (b) 2 H2O 
= 0 2  + 4H'’ + 4e', the oxidation equilibrium (at a hydrogen or oxygen pressure of 1 atm).
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Figure 2.2 Graph showing the generalised tolerance limits for impurities in Mg alloys 
[Makar and Kruger 1993].
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Figure 2.3: Alloying element effects on corrosion rate [Makar and Kruger 1993].
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Figure 2.7: Spit particle nucleating a ‘flake’ growth defect and an EDXA map showing it 
to be a Zr rich particle in a Mg-Zr alloy [Diplas et al 1999a].
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Chapter 3 Experimental work
3.1 Introduction
This study has concentrated on the bulk and surface analysis of Mg-Ti and Mg-Zr 
vapour deposited alloys, with emphasis on the alloying behaviour and on the role of 
corrosion products such as oxides and hydroxides In the corrosion of the alloys in a 
saline environment.
Transmission electron microscopy (TEM) with parallel electron energy loss spectroscopy 
(PEELS) and scanning electron microscopy (SEM) with electron probe microanalysis 
(ERMA) have been used in conjunction with X-ray diffraction (XRD) for the bulk 
characterization of the alloys in the as deposited condition. The thermal stability of the 
alloys was assessed using differential scanning calorimetry (DSC). The composition of 
the alloys was checked using energy dispersive X-ray analysis (EDX). The air formed 
oxide film on the surface of the as deposited alloys was analysed using X-ray 
photoelectron spectroscopy (XPS).
The corrosion behaviour was assessed using total immersion corrosion tests in 
3wt%NaCI solution for seven days. The corrosion products that formed on the surface 
of the alloys were characterised by SEM, TEM, XRD, XPS and PEELS.
3.2 Production of deposits
In this study physical vapour deposition (PVD) was chosen for the production of Mg-Ti 
and Mg-Zr alloys with extended solid solubilities owing to the ability of PVD to deposit 
elements with different melting points and vapour pressures (see section 2 .1 0 ). 
Previous work on binary Mg alloy systems had used this technique successfully to
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produce extended solid solutions of alloying elements in Mg [Bray 1990, Bagnall 1996, 
Diplas 1998].
Titanium and Zr have very different boiling points and vapour pressures to Mg. This 
difference was one of the main reasons for using PVD with its capability for dual 
evaporation sources. The Mg charge was melted in an outer annular crucible using 
radiative resistance heaters and the alloying element was melted in an inner water 
cooled copper crucible by an electron beam (see figure 3.1). The apparatus was 
contained in a vacuum chamber, which was evacuated to a vacuum better than 5x10^ 
Pa. This enabled the line of sight evaporation from the source to the collector and 
ensured a low contamination by oxygen, nitrogen and carbon. Vapour mixing was 
achieved by the Mg vapour being passed through rows of nozzles, which were directed 
towards the Ti or Zr vapour streams, the mixed vapours then condensed on the collector 
plate. One side effect of the high vapour pressure of Mg is that after the heating 
sources were shut down the Mg continued to deposit on the surface of the alloy 
because of its high vapour pressure. This caused a pure Mg overlayer to be formed on 
the surfaces of all the deposits. A typical overlayer is shown in figure 3.2. Prior to 
analysis the overlayer was removed by grinding using SiC paper.
The collector was made of aluminium which was machined and etched for 20-30 
minutes with sodium hydroxide and then washed with nitric acid to remove any debris. 
During the deposition of the alloys the collector plate was kept within the temperature 
range 412 to 443 K. At higher temperatures an increased diffusion of atoms across the 
surface of the deposit reduces porosity. However, lower temperatures are needed to 
retain the alloying elements Ti or Zr in solid solution in Mg. Hence, a compromise 
between retention of solid solution and reduced porosity had to be achieved. The 
collector temperature was measured by two thermocouples, one placed near the 
heating element and the other on the plate. The temperature was controlled by the use 
of an internal cooling system within the collector plate and heating elements. The rate 
of deposition (up to 6  mm/per hour) was dependent on several factors such as the 
temperature of the Mg evaporation bath, the size, configuration and number of the 
nozzles around the annular crucible, and also the energy of the electron beam used to 
evaporate the Ti or Zr alloying addition.
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As already discussed in section 2.10 the use of PVD as a processing technique incurs 
several problems associated with the microstructures of the alloys, such as the 
formation of an inherent columnar microstructure, porosity and compositional 
inhomogeneity. It was suggested that the use of an in-situ mechanical working 
technique could eliminate the undesirable effects of the as deposited PVD 
microstructure by reducing porosity and possibly changing the inherent columnar 
microstructure.
Magnesium alloys with the nominal compositions given in table 3.1 were produced at 
DERA, Farnborough using a PVD apparatus with a dual evaporation source and an in- 
situ mechanical working capability that was available at the Structural Materials Centre. 
The aim of the in-situ mechanical working (flailing) was to smooth the surface of the 
deposit by lightly peening its surface with small hammers during deposition at regular 
intervals. Flailing would flatten small protrusions and close existing pores so that 
porosity caused by vapour shadowing would be reduced. During flailing the power to 
the evaporation sources was turned off and a shutter was brought across the water 
cooled copper crucible and the annular magnesium crucible to halt deposition 
temporarily. The flail arm was then moved across the face of the deposit. The flail arm 
contained two high speed rotating shafts on which small armatures were attached. The 
armatures impinged on the surface of the alloy, working the surface of the deposit. The 
in-situ mechanical working was performed every few minutes so that the interflail 
spacing was between 35-40 pm. At this spacing the porosity associated with vapour 
shadowing would be eliminated. The flailing apparatus is shown in figure 3.3.
Owing to changes within DERA and the Structural Materials Centre it was not possible to 
produce alloys other than those given in table 3.1 after a few months from the beginning 
of the study. Thus , it has not been possible to study the effect of mechanical working 
parameters on the microstructure of Mg-Ti and Mg-Zr alloys and to produce more PVD  
Mg-Zr alloys.
The poor mechanical stability of the Mg-Zr deposits was the reason why the alloys could 
not be mechanically worked during deposition. Instead a different technique, isothermal 
hammer drop forging was used to mechanically work the deposit after deposition. A
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schematic diagram of the process can be seen in figure 3.4. After deposition the alloy 
was sealed in an aluminium puck by electron beam welding, and heated to 523 K. The 
aluminium puck was then hammer drop forged until the thickness of the deposit was 
less than 1  mm thick, the alloy was then removed from the puck by cutting around the 
edge of the thin sheet. The resulting forged alloy was used in subsequent analysis.
3.3 Experimental techniques
3.3.1 Scanning electron microscopy
Scanning electron microscopy (SEM) with EDX analysis was used to study the general 
microstructure, chemical homogeneity and porosity of the deposits. The Hitachi 3200N 
microscope was used in backscattered electron mode. Epofix resin mounted samples 
were used for the SEM/EDX studies. Alloy samples were sectioned parallel and 
perpendicular to the collector then polished to a 1 pm diamond finish. The surfaces and 
cross sections were analysed using an accelerating voltage in the range 10 kV to 20 kV. 
Corroded samples were analysed with a lower accelerating voltage in order to avoid 
deep penetration of the electron beam and increase the interaction volume with the 
surface. Images were obtained using a 35mm camera and digital imaging software. 
The Link Isis software was used to acquire multi-element X-ray maps in energy 
dispersive mode. Quantitative analysis was performed using a chromium standard to 
calibrate the detector prior to data acquisition.
3.3.2 Transmission electron microscopy
Transmission electron microscopy (TEM) was used to investigate the microstructure of 
the deposits and the effects of the mechanical working process on the deposit 
microstructure. TEM specimens in planar and cross-section orientation, 3mm in 
diameter, were produced by a combination of polishing and cutting with a 3mm coring 
drill and diamond cutting paste. The cross sectional samples were mounted on copper 
or nickel grids using Gatan G1 epoxy vacuum compatible adhesive.
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The TEM specimens produced from corroded samples were very fragile. To overcome 
this they were sandwiched together with silicon wafers to make a stable sample, then 
they were glued to either copper or nickel grids and polished to 30-40 pm thickness. 
The samples were then ion beam . milled to electron transparency using a Gatan dual 
ion mill 600 or a Gatan precision ion polishing system (PIPS). The samples were ion 
beam milled using a rotating stage and cooled with liquid nitrogen to avoid overheating. 
The PIPS system did not use liquid nitrogen cooling because of the improved cooling 
achieved with the new ion guns and specimen mounting posts. The ion guns were set 
at an accelerating voltage of 5kV and the gun current was 1mA. The milling angle was 
set at 15° for the dual ion mill and at 4-6° for the PIPS system.
TEM specimens of exfoliated material were prepared by crushing dried corrosion 
products and then dispersing them in acetone. The dispersed corrosion products were 
dropped by a pipette onto holey carbon covered copper grids and were allowed to dry.
Transmission electron microscopy studies were performed on Phillips EM-400T and 
CM200 transmission electron microscopes using either a tungsten or LaBg electron 
source. The microscopes were operated at an accelerating voltage of 120 kV and 200 
kV respectively. Bright field imaging, selected area diffraction patterns and EDX 
analysis with multi-element mapping were used in the analysis of the alloy specimens.
3.3.3 Electron energy loss spectroscopy
Electron energy loss spectroscopy (EELS) is the analysis of the energy distribution of 
electrons which have inelastically interacted with a solid. Electron energy losses occur 
when electrons are reflected or scattered from solids. The amount of energy lost is 
dependent on the atom the electron interacted with. Thus, the technique can be used to 
identify elements present in the samples. The main advantage with EELS is the high 
spatial resolution obtainable for analysis of low atomic number elements such as B, C, N 
and O [Egerton 1996]. EELS analysis can be obtained in two modes, serial (SEELS) 
and parallel (PEELS). SEELS detectors are easier to optimize and simpler to use than 
the PEELS detectors but PEELS analysis is 2-3 orders of magnitude more efficient.
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Imaging EELS is achieved by recording EELS spectra at several points on the sample 
by using a scanning transmission electron microscope (STEM). Computer processing 
of the data gives a two dimensional map of composition variation. Direct electron 
spectroscopic imaging (ESI) can be achieved by passing the de-magnified image 
through a magnetic prism spectrometer, selecting electrons of a certain energy 
corresponding to a particular edge and then re-magnifying the image. Elemental maps 
are created by processing multiple images.
The energy loss spectrum in figure 3.5 contains 3 main areas. The zero loss peak and 
plasmon peak and the carbon k edge. The zero loss peak contains information from un­
scattered electrons, elastically scattered electrons and in general electrons which suffer 
an un-resolvable energy loss. The plasmon loss peak is in the low-loss region, which 
extends up to an energy loss of 50 eV. These peaks are due to the interactions of 
electrons with the weakly bound outer shell electrons of the atoms in the sample. The 
high-loss region refers to peaks occurring due to inelastic interactions of the incident 
electrons with the more tightly bound inner shell electrons. The background intensity is 
due to valence shell interactions. The high-loss regions contain the characteristic edges 
used for the elemental analysis. In this study PEELS analysis was performed on as 
deposited and corroded samples in the Department of Materials Science of the 
University of Leeds. PEELS elemental maps were obtained using a Philips 
CM200/STEM equipped with a Gatan imaging filter. The background subtraction was 
achieved using a three window technique. According to this technique three energy 
filtered images were acquired, two pre-edge and one post-edge. An extrapolated 
background was calculated and subtracted from the ionization edge image of the 
element of interest. The jump ratio method was also used where the ionization edge 
image intensity was divided by the pre-edge image intensity.
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3.3.4 X-ray diffraction
X-ray diffraction (XRD) was used to investigate the phases present in the alloys and the 
texture of the deposits in relation to flailing. Corroded deposits were also examined to 
identify the nature of the corrosion product formed on the alloys. A Phillips X-ray 
diffractometer using Cu radiation at a voltage of 40V and a current of 40mA with a step 
size of 0.02 degrees and a range 20° to 120° was used in this study. The peak 
positions were compared with standard values obtained from the JCPDS data files. 
Alloys were in the as deposited condition and were polished to remove the Mg rich over­
layer (see section 3.2). Corroded alloys had been immersed in 3wt%NaCI solution for 
seven days and had been rinsed in distilled water and air dried prior to XRD studies.
3.3.5 Differential scanning calorimetry
Differential scanning calorimetry (DSC) was used to study the thermal stability of the 
alloys. A Rheometric Scientific DSC GOLD 2 thermal analyser was used to record the 
DSC curves. Samples were weighed and then placed in an aluminium crucible: an 
empty crucible was used as a reference. High purity Argon at a flow rate of 12 ml min'^ 
was used to reduce oxidation of the samples. Start temperatures were around 298 K 
and the temperature was raised to 823 K at a rate of 10 K/min.
3.3.6 X-ray photoelectron spectroscopy
3.3.6.1 Introduction
A X-ray photoelectron spectrometer consists of a X-ray source, an electron energy 
analyser and the electron detection system, all contained within a vacuum system that 
operates at 10’®-10'® Pa [Watts 1990] in order to reduce electron scattering events from 
residual gas molecules and oxidation/absorption on the surface of the sample. 
Characteristic Al or Mg k^ X-rays are used to excite the surface of the specimen, an Al 
foil window is used to reduce some of the Bremsstahlung radiation and a natural quartz 
crystal can be used as a monochromator to reduce the X-ray line width and remove 
features such as satellite peaks.
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X-ray photoelectron spectroscopy (XPS) is based on the photo ionization of the atom as 
illustrated in figure 3.6. The important features in the XPS spectrum are the
photoelectron peaks and the Auger lines. The minor features that appear in the
spectrum, and which are of no analytical value, are the X-ray satellites and ghosts, 
shake up satellites and multiplet splitting. One of the major benefits of XPS is the ability 
to extract chemical state information from the photoelectron and Auger peak shifts.
In order to avoid errors in the calculation of the peak positions due to charging and 
electrostatic effects the Auger parameter can be used [Wagner 1975, Wagner and Joshi 
1988]. The Auger parameter is independent of any electrostatic charging effects of the 
specimen and work function corrections and therefore is a unique property of each 
compound. The Auger parameter (a) is the difference between the kinetic energy of the 
Auger electron and the binding energy of the photoelectron and is given by the equation:
a = Eb + Ek ~ hv [ 1 ]
where Eg is the binding energy of the photoelectron, E^ is the kinetic energy of the
Auger electron and hv is the photon energy.
In order to obtain chemical state information vs. depth, some form of depth profiling 
must be used. The two main ways of doing depth profiling are:
I. Non-destructively, by tilting the sample (suitable for thin films)
II. Destructively, by sputtering the surface with inert gas ions usually Ar.
In this work sputtering with argon ions was used for depth profiling. The as deposited 
alloys were first characterised, then the samples were immersed in 3wt% NaCI for 1 
minute, the samples were then re-examined to characterize the corrosion products that 
formed after the short immersion time.
Care has to be taken in interpreting the results from depth profiled samples as certain 
difficulties or errors can occur when analysing sputtered samples. The main difficulties 
have been discussed by Watts [1990]. These are stated as possible primary ion
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implantation, enhanced diffusion and segregation, changes in surface topography by 
preferential sputtering and ion induced chemical decomposition. The instrument also 
plays an important role, as there must be a satisfactory vacuum level to prevent re­
oxidation of the sputtered surface and also the re- deposition of sputtered material.
3.3.6 .2 XPS parameters
The surfaces of the alloys in the as deposited state and after the short immersion in 
3wt% NaCI were analysed using XPS. The samples were first prepared by polishing 
away the pure magnesium overlayer (see section 3.2) and then finishing with a 1 pm 
diamond polish. Then the samples were rinsed in acetone and air dried. Prior to 
analysis the samples were kept in aluminium foil to prevent contamination. After the first 
analysis the samples were corroded by immersing them in 3wt% NaCI for 1 minute. The 
corroded samples were then rinsed with deionised water and air dried. Gloves and 
tweezers were used to handle the samples.
For XPS analysis a VG Scientific Sigma probe X-ray photoelectron spectrometer with an 
AI X-ray source was used. The analysis was carried out using an unmonochromated AI 
Wq, X-ray source, which has an energy of 1486.6 eV. For data acquisition and 
subsequent data processing the spectrometer was controlled by a computer running 
Sigma’s Eclipse software version 3.1. The spectra were obtained at an angle of 60° 
with respect to the surface of the sample. Survey spectra were recorded at the start of 
each experiment followed by the high resolution scans. The spectral acquisition 
parameters are shown in table 3.2. High resolution scans of peaks Mg Is, Mg KLL, Ti 
Is , Ti KLL, Mg 2p, Ti 2p, Zr 3d, Zr LMM and Cl Is/Na Is  on the corroded samples were 
recorded. All the peaks were fitted by using Sigma’s peak fitting software and Shirley 
backgrounds. Depth profiling was carried out in-situ using Ar^ ion with an accelerating 
voltage of 3 kV and a target current of 8  pA. The etching time for as deposited samples 
was between 1 and 2 minutes repeated 10 times. The etching time for the corroded 
samples was 1 0  minutes repeated 1 0  times.
3.3.6.3 High energy XPS
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High energy XPS was performed at the Research unit for Surfaces Transforms and 
Interfaces (RUSTI), Daresbury Laboratory using an ESCA-300 SCIENTA spectrometer 
with a dual X-ray source. The SCIENTA spectrometer is characterised by a high energy 
resolution, typically 0.27 eV, due to the high transmission 300mm radius hemispherical 
analyser. The high energy Cr kp (5946.87 eV) source was used to enable the bulk 
analysis of the Mg alloys and to excite the core level Auger transitions in Mg, Ti and Zr. 
This was possible because of the low binding energy and high kinetic energy of some of 
the photoelectrons and Auger electrons, thus increasing the inelastic mean free path 
and hence increasing the analysis depth, compared to AI k^ excitation. The increased 
analysis depth gives rise to other advantages such as a reduced surface sensitivity to 
oxides and other contaminants. One other advantage is in the Auger parameter 
calculations, where both Auger peaks and photoelectron peaks are used. It is 
necessary for both these peaks to refer to the bulk of the sample. With the Cr kp source 
the surface sensitivity of the Mg 1s line is cancelled due to the increased kinetic energy 
of the Mg Is  photoelectron. One of the big disadvantages of the Cr kp source is the 
poor flux of counts produced due to the low intensity of the Cr kp satellite. This leads to 
long acquisition times (up to 16 hours) for one sample, which can lead to the oxidation 
of reactive surfaces.
The samples were Argon ion sputtered (40pA) before analysis to remove most of the 
oxide present. The vapour deposited alloys still showed an oxide presence after 
sputtering, which is consistent with the suggestion that the columnar grains are covered 
with a magnesium oxide layer [Diplas 1998]. To ensure that preferential sputtering had 
not occurred, quantitative XPS analyses were recorded following ion bombardment 
using the appropriate Cr Kp sensitivity factors [Diplas et al 2001].
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3.4 Corrosion tests
The alloys were subjected to weight loss experiments in 3wt% NaCI solution at 293 K in 
order to asses the corrosion behaviour of the deposits. Specimens of PVD Mg-Ti and 
Mg-Zr alloys were prepared to 10x10 mm in size and were ground with 1200 grit SiC 
paper to remove the pure Mg overlayer (see section 3.2), th e  samples were then 
polished to a 1pm diamond finish, then rinsed in acetone and air dried. Samples of Mg- 
Ti and Mg-Zr alloys were immersed in 100 ml of 3wt% NaCI solution at 293 K for seven 
days to study the corrosion behaviour of the alloys. Any exfoliated corrosion products 
produced were collected, rinsed and dried. Exfoliated corrosion products were crushed 
to a fine powder then dispersed in acetone. Drops of the corrosion product/acetone 
solution were deposited on the holey carbon grids for TEM analysis. The weight loss 
measurements for the PVD Mg-Ti alloys were conducted at the Structural Materials 
Centre, DERA.
3.4.1 pH measurement of corroding solution
pH changes in the corroding solutions were measured at 293 K using a Jenson 3020 pH 
meter with a standard pH electrode. Readings from the corroding solution were taken 
almost continuously at first, then every few minutes after the pH had stabilised. The pH 
electrode was calibrated using standard buffer solutions of pH=7 (50cm^ of 0.1 mol dm'^ 
potassium dihydrogen phthalate and 29.1cm^ of 0.1 mol dm'^ sodium hydroxide) and 
pH=10 (50cm^ of 0.025mol dm'^ borax and 18.3cm^ of 0.1 mol dm'^ sodium hydroxide). 
Readings were taken for 7 days in total.
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Table 3.1: The composition of PVD Mg-Ti and Mg-Zr alloys studied in this work.
Alloy
Nominal Actual
at% wt% at% wt%
Mg-8Ti 4.2 8 6.25 11.6
Mg-14Ti 7.6 14 6.8 12.6
Mg-26Ti 15.1 26 14.7 25.4
Mg-34Ti 20.7 34 19.6 32.5
Mg-40Ti 25.3 40 27.5 42.8
Mg-46Ti 30.2 46 29.8 45.55
Mg-2Zr 0.5 2 0.55 2.1
Table 3.2: Experimental parameters used on the VG Scientific Sigma Probe for the XPS 
analysis of the as deposited and corroded alloys.
Peaks
Step size 
(eV)
Dwell time 
(msec)
No. of 
scans
Energy range 
BE (eV)
Pass energy 
CAE (eV)
Survey 1 200 2 0-1350 100
C Is 0.2 200 10 275-295 50
0  Is 0.2 200 10 525-545 50
Mg Is 0.2 200 10 1295-1320 50
Mg 2p 0.2 200 10 40-60 50
Ti 2p 0.2 200 20 445-475 50
Mg KLL 0.2 200 7 1166-1191 100
Ti LMM 0.2 200 5 386-426 100
Cl 2p 0.2 200 10 195-220 50
Na Is 0.2 200 10 1065-1090 50
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Figure 3.1: A schematic diagram of the PVD apparatus which was contained in a 
vacuum chamber [Dodd and Gardiner 1996].
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V
\
Figure 3.2: A photomicrograph of the Mg-46wt%Ti alloy showing the Mg rich overlayer 
on the surface of the alloy.
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Figure 3.3: A photograph of the in-situ mechanical working device used on the deposits 
to reduce porosity [Dodd and Gardiner 1997].
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Aluminium puck
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weld i
Deposit
Puck 
heated to 
523 K
Figure 3.4: Schematic diagram of the isothermal hammer drop forging process.
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Figure 3.5 Electron energy loss spectrum, showing the zero loss peak, plasmon peak 
and the carbon k edge [Egerton 1996].
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Figure 3.6 Schematic diagram of the photoionization phenomena.
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Chapter 4 Characterization of the as deposited 
Mg-Ti alloys
4.1 Introduction
Previous studies of Mg alloys have suggested that Ti as a solute addition increased the 
corrosion resistance of Mg-Ti alloys by providing a stable, self-healing protective oxide 
layer [Bray 1990, Baliga et al 1997]. The limited room temperature solid solubility of Ti 
in Mg (<0.01 at% Ti) was overcome by using PVD and a series of metastable solid 
solutions of Ti in Mg were produced [Dodd and Gardiner 1997, Baliga et a! 1997]. 
However, the use of PVD as a production route led to columnar alloy microstructures 
with compositional in-homogeneity and porosity [Bagnall et a! 1997]. It had also been 
suggested that in-situ mechanical working could eliminate the undesirable features of 
the as deposited PVD microstructure by destroying the columnar microstructure and 
reducing porosity [Baliga et a /1997, Dodd and Gardiner 1997].
The Mg-Ti alloys given in table 3.1 were studied in the as deposited condition using the 
experimental techniques described in chapter 3.
4.2 Results.
4.2.1 Bulk characterization
Typical SEM micrographs of the alloys studied are the backscattered electron images 
(BEI) shown in figures 4.1 and 4.2. All alloys exhibited the same microstructural 
features such as porosity, cracks, compositional banding and defects, which are 
characteristic of this type of processing [Bray 1990, Diplas 1998]. The dark and light 
bands in the backscattered electron image in figure 4.2 are related to Mg and Ti rich 
regions respectively. The compositional variation throughout the thickness of the alloys 
was about 2-3wt%Ti. TEM analysis of the alloys in planar and cross sectional
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orientations revealed the alloys' microstructural features. Figures 4.3 and 4.4 show the 
columnar microstructure of the Mg-26wt%Ti alloy. Figure 4.3 shows the flail line 
produced by the in-situ mechanical working of the deposit during deposition. The break­
up of the columnar microstructure and the resulting grain structure can be seen over an 
area 200-400nm wide. It can be seen from figure 4.4 that flailing had only a local effect 
on the microstructure of the alloy and the columnar microstructure re-established itself 
during further deposition. However, the intergranular porosity caused by vapour 
shadowing effects was eliminated indicating that the flailing of the alloys reduced 
surface asperities and closed pores in the alloys.
EELS analysis was performed in order to identify any segregation of elements to the 
grain boundaries or the presence of oxides formed during deposition. Figure 4.5a to d 
shows the EELS jump ratio images obtained for Mg-34wt%Ti. The jump ratio is 
obtained from the ratio between the pre-edge and post-edge EELS maps and gives the 
jump ratio image. The latter can reduce the effects of thickness variations and 
diffraction contrast within the specimen. The jump ratio images in figure 4.5c and d 
indicate the presence of a Ti rich oxide at the column boundaries. However, figure 4.5b 
shows a Mg rich region along a boundary, which corresponds to an area with low 
oxygen and titanium concentration. This Mg rich region could be due to Mg segregating 
to the boundary or could be due to diffraction contrast at the boundary.
XRD analysis of the alloys was performed to identify any second phases present. A 
typical XRD trace is shown in figure 4.6. It is known from previous work [Diplas 1998, 
Bray 1990] that Mg PVD microstructures grow along the c axis. This leads to 
characteristic reflections from the [001] direction, which result in an intense peak on the 
XRD trace. The typical identified peaks are given in table 4.1. The most intense peak 
from Mg-8wt%Ti is the [002], which is not in agreement with previous work [Diplas 1998, 
Baliga et ai 1997, Bray 1990].
Figure 4.7 shows the DSC curves obtained for the PVD alloys studied in this thesis. The 
broad peaks are attributed to the through thickness composition variation caused by the 
lack of accurate control of the evaporation rate of Ti [Diplas 1998, Bray 1990, Bunshah 
1982, Boone et ai 1974]. The first peak has been identified as the solid solution break­
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up exotherm and the second peak as an oxidation peak [Diplas 1998, Bray 1990]. The 
estimated solid solution break-up temperatures are given in table 4.2. It is shown that 
the solid solution break up temperature decreased with increasing alloying level. This is 
consistent with previous work on Mg alloys [Diplas 1998, Bagnall 1996, Bray 1990].
The microstructure of the Mg-14wt%Ti PVD alloy, which became detached from the 
collector during the run, contained precipitates throughout the alloy, figures 4.8 and 
4.9a-d. A bright field TEM micrograph, figure 4.8, shows the precipitates clearly, and 
EELS work, figures 4.9a to d, shows the precipitates to be Ti rich and devoid of Mg and 
O. In all other alloys the Ti was kept in solid solution in Mg. In other words, in this study 
metastable solid solutions of up to 46wt%Ti (%30.2at%Ti) in Mg were produced by PVD.
4.2.2 Surface characterization
Figure 4.10 shows a typical XPS survey spectrum obtained from the Mg-46wt%Ti alloy. 
High resolution XPS spectra were obtained for the Mg Is, Mg 2p, Ti 2p, C Is  and O 1s 
photoelectron lines and the Mg KLL and Ti LMM Auger lines at different depths using 
depth profiling with argon sputtering. The montages of spectra can be seen in figures 
4.11 to 4.17.
The carbon Is  spectrum in figure 4.11 is composed of two main peaks, the C Is  peak, 
which includes a slight shift due to the charging of the sample and the COg '^ component 
or carbonate peak. The presence of the carbonate would suggest the presence of 
hydromagnesite (Mg5(CO3)4(OH)2.4H20) at the outer most surface, as reported 
previously [Diplas 1998, Baliga 1990]. The reduction in intensity of the peaks after 
etching indicated that the bulk concentration of C is low.
Figure 4.12 shows the O Is  spectra. The main peaks have been identified as oxide 
(=531 eV) and hydroxide components (=534 eV), which give further evidence to the 
formation of hydroxides on the surfaces of the alloys. Comparing the two O 1s 
components we can identify a shift in the intensities as we probe into the bulk of the 
alloy. The outermost surface analysis contains mainly a hydroxyl component consistent
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with the formation of Mg(0H)2 near the surface of the alloy. The main component after 
etching (level 10) is oxide and corresponds to either magnesium oxide or titanium oxide.
The Mg 1s montage in figure 4.13 shows little change in the position or intensity of the 
Mg Is  peak. The peaks in figure 4.14 contain both metallic and oxide components the 
positions of which correspond well to data in the literature. The measured Auger 
parameter (a*=2490.6 eV) is consistent with the literature value for Mg (2490 eV). The 
presence of MgO in the bulk of the alloy, as suggested by XPS, is in agreement with the 
TEM work and previous reports [Diplas 1998, Baliga 1990]. The Ti 2p montage (figure 
4.15) contains both metallic and oxide components, indicating the presence of both Ti 
and Ti02. The oxide component increases in intensity with depth, as would be expected 
from the presence of titanium oxide between the columnar crystals, whereas the metallic 
component stays almost constant.
The ratio of intensities of the metal and oxide components from the Mg KLL peaks and 
the Ti 2p peaks is shown in figure 4.16. The change in the Mg components is small 
compared to the Ti components, which change considerable from the surface and near 
surface values as we move to the bulk of the material.
The presence of oxide in the bulk of PVD alloys has been shown by Baliga et al [1997 ] 
and Diplas [1998]. The presence of Ti02 at the columnar boundaries has also been 
identified by EELS analysis (see section 4.2.1). The Ti02 was probably formed during 
deposition alongside MgO, which is in agreement with previous work on Mg-Ti alloys 
[Baliga et a! 1997] and Mg-V alloys [Diplas 1998].
Using quantification software available on the VG Scientific spectrometer we can plot 
the changes in at% of the different elements with depth. Figure 4.17 shows the resulting 
profile, which contains the results for Mg Is, Mg 2p, Ti 2p and O Is. From the graph we 
can see that the Mg level is low at the surface but increases with depth, in contrast to 
the O level, which is highest at the surface and decreases to a level that remains fairly 
constant. The level of O in the bulk of the alloy is similar to previous data [Diplas et a! 
1999a] recorded for Mg PVD alloys. The invariance in the Mg 2p indicates that 
whatever oxide layer was in the surface, it was very thin as the Mg 2p component has a
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very high kinetic energy and comes from deeper within the alloy. There is no noticeable 
change in the Ti 2p concentration indicating that there was no surface enrichment of Ti.
4.3 Discussion
4.3.1 Bulk studies.
The general microstructure of the PVD Mg-Ti alloys studied in this thesis can be 
categorized as belonging to the zone II of the structural zones model in condensates 
proposed by Movchan and Demchishan [1969] or zone 2 of the modified model for PVD 
microstructures [Thornton 1975], (see also figures 2.5 and 2.6). The alloy 
microstructures consisted of columnar grains grouped into tapered colonies in 
agreement with previous work [Diplas 1998, Bagnall 1996, Bray 1990, Bunshah 1982, 
Boone et al 1974]. A small amount of porosity was present at the boundaries of these 
colonies (figure 4.1). There was no evidence for the intergranular porosity found in non 
in-situ mechanically worked PVD microstructures [Diplas 1998], as the in-situ 
mechanical working seems to have reduced the porosity by closing existing pores and 
flattening surface asperities, which cause porosity due to vapour shadowing [Bunshah 
1982].
The compositional banding that was seen in all the alloys (figure 4.2) is due to the 
variation of the titanium evaporation rate and has been reported before in Mg-Ti alloys 
[Bagnall 1996, Baliga et ai 1997]. The composition of the alloy is controlled by the 
evaporation rate of the solute addition. This was achieved by changing the input energy 
to the water cooled copper crucible. The magnesium evaporation rate was held 
constant by controlling the source temperature and the number and orientation of 
nozzles on the magnesium crucible (see figure 3.1). However, there were difficulties in 
controlling the titanium evaporation rate due to limited control over the size of the 
titanium melt pool, its volume and temperature. This lead to slight variations in the 
titanium evaporation rate, which caused the compositional banding that can be seen in 
the alloys (see figures 3.2 and 4.2). The variation in Ti content between the
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compositional bands has been found to be about 2-3wt%Ti throughout each alloy. One 
other characteristic feature of the SEM micrographs is the flail lines, which manifest 
themselves as dark lines in the microstructure spaced regularly (figure 4.2). The dark 
lines correspond to a decreased Ti content or to a Mg rich region in the alloy. The 
formation of the Mg rich regions has been attributed to the high vapour pressure of Mg 
(see also section 3.2). After turning off the Mg evaporation source and closing a shutter 
across the Mg crucible. Mg continued to deposit during flailing giving these characteristic 
Mg rich lines in the alloys.
Figures 4.3 and 4.4 show some other effects of flailing such as the destruction of the 
columnar microstructure along the flail line, the formation of new small equiaxed grains 
(figure 4.3), and the re-initialization of the columnar grain growth after flailing (figure 
4.4). It seems that there might have been dynamic recrystallisation of the 
microstructure due to the mechanical working during deposition, which resulted in the 
formation of equiaxed grains along the flail line. However, the effect of mechanical 
working is limited to about 200-400nm below the flail line and once deposition restarts 
the typical PVD columnar microstructure quickly re-establishes itself (see figure 4.4). 
Thus, the general microstructure of the alloy remains unchanged apart from the 
decreased porosity and the small volume of flailed material.
Previous work on PVD Mg alloys has shown a preferred growth direction of the deposits 
along the c axis [Diplas 1998, Bagnall 1996, Bray1990]. XRD analysis of the alloys 
showed an intense peak on all of the XRD traces at about 35°, which corresponds to 
reflections from [002]. This apparent contradiction could be due to samples being taken 
from the edge of the deposit, which could have a different orientation of grains [see also 
Bray 1990]. XRD alone cannot confirm the retention of Ti in solid solution, which was 
confirmed by TEM. Apart from one alloy no second phases or precipitates were found 
in the alloys studied by TEM. The Mg-14wt%Ti alloy had detached from the collector 
plate during deposition and as a result the local temperature of the alloy rose above that 
required for the retention of Ti in solid solution. Thus, there was precipitation of Ti 
throughout the alloy. Figure 4.8 shows the precipitates, which were found near 
columnar boundaries. The location of these precipitates is in agreement with previous 
work on Mg-V alloys, which found that precipitates of V formed near grain boundaries
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when the solid solubility of V in Mg was exceeded [Diplas 1998]. The size of the 
precipitates was in the range 10 nm to 25 nm. In agreement with the work of Bagnall 
[1996], some of the Ti precipitates seemed to be facetted and generally elongated.
The solid solution break up temperatures given in table 4.2, decrease as the alloying 
addition increases, in agreement with previous studies [Diplas 1998, Bagnall 1996, Bray 
1990]. The peaks on the DSC traces were broad, and this has been attributed to the 
through thickness in-homogeneity of the alloys leading to a series of break-up 
temperatures which constitute the broad peaks on the curve. The estimated solid 
solution break up temperatures, given in table 4.2 are slightly higher than those reported 
for PVD Mg-Ti alloys previously. Bagnall [1996] reported values in the range of 483 K to 
543 K. Here the temperatures are in the range 545 K to 568 K. The difficulty in 
measuring the break up temperatures accurately is associated with the broadness of the 
peaks and could be one reason for the discrepancy between the two sets of reported 
data. SEM studies of the DSC samples showed that the samples were oxidized, thus 
indicating that the second peak on the DSC curves is an oxidation peak, as reported 
previously [Bray 1990]. The Mg-14wt%Ti DSC trace showed no discernable break up 
peak. This is attributed to the detachment of the alloy from the collector during 
deposition, which led to a rise in temperature causing precipitation of pure Ti in the alloy.
Table 4.3 shows lattice parameters of PVD Mg-Ti alloys. The decrease of both the a 
and c lattice parameters with increasing Ti content has been attributed to the 
substitution of Mg atoms with Ti atoms. The reduction of the c/a ratio with increasing 
alloying level has been observed in PVD Mg alloys previously [Diplas 1998, Bray 1990] 
and is attributed to the electronic overlap at directions parallel to the a axis (see chapter 
7). The lattice parameter variations seen in this study contradict previous claims [Busk 
1951] that the c/a ratio of Mg increases upon alloying with Ti.
4.3.2 Surface studies
The XPS results would suggest that titanium oxide was present in the surface film of the 
alloys. This can be seen from the XPS montage of Ti 2p peaks in figure 4.15 showing
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both oxide and metallic components present in the outermost surface. The measured 
peak positions correspond very well to the literature values given for Ti (453.89 eV) and 
TiOz (458.7 eV) [Briggs and Seah 1992]. The limited presence of TiOg could be 
attributed to unfavourable kinetics for formation of TiOg as the enthalpy of oxidation at 
298 K for TiOg is 930 kJ per mol Og, compared to that of MgO, which is 1204 kJ per mol 
O 2  [Cottrell 1975]. The fact that TiOz still forms suggests that the kinetics can be 
overcome.
Oxidation of both Mg and Ti under the processing conditions used could be understood 
using data from the Ellingham diagram. Furthermore, diffusion of oxygen through the 
bulk of the alloy would be possible given their columnar structure. This would explain 
both the presence of MgO and TiOz in the surface of the alloys and between columnar 
grains.
Depth profiling of the alloy enabled the identification of the compounds below the 
surface of the alloy and their relative positions. Using quantification software the atomic 
concentration of the elements at the different analysis levels were found. Figure 4.17 
shows the results from the quantification. The results confirm a high level of O in the 
alloy. This level of oxygen in the alloy is similar to the results of Diplas and co-workers 
[Diplas 1998, Diplas et al 1999a] who identified this oxygen as originating during the 
deposition of the alloy. Diplas [1998] suggested that during deposition Mg reacted with 
residual oxygen in the deposition chamber to form MgO at the columnar boundaries. 
Diplas identified both V and Mg oxides in the bulk using various techniques.
The change in the O and Mg atomic concentrations after 200 seconds of etching 
indicates that a layer of hydroxide covered the surface of the alloy. This can be seen
from figures 4.12 and 4.13, which show the oxygen Is  peak and the Mg Is  peak
respectively. In figure 4.12 the outermost spectrum is dominated by the hydroxyl
component whereas the innermost spectrum is dominated by the oxide component
indicating the presence of Mg(OH)z on the outermost surface. This is consistent with 
previous work [Diplas 1998, Baliga 1990] and the concentrations of Mg and O at the 
surface of the alloy, figure 4.17.
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The EELS studies (figure 4.9) have provided the evidence for the presence of titanium 
oxide on columnar boundaries. XPS analysis indicated that the bulk contained some 
TiOz (see figure 4.15). Studies using EELS and XPS have also found evidence for the 
formation of oxides of the solute addition at columnar boundaries in PVD Mg-V alloys 
[Diplas 1998]. The formation of TiOz is most likely to have occurred during deposition, in 
a similar manner to the formation of MgO (see above).
Therefore, the results would suggest that a thin oxide film composed of MgO and TiOz 
was formed on the surface of the alloy, together with Mg(OH)z and Hydromagnesite at 
the outermost surface. There is also evidence for the presence of MgO and TiOz at 
columnar boundaries within the bulk of the PVD Mg-Ti alloys.
4.4 Conclusions
The PVD process has been used to make Mg-Ti alloys successfully. The alloys 
produced were extended solid solutions of Ti in Mg with up to 46wt%Ti. The in-situ 
mechanical working has had little effect on the general microstructure of these alloys. 
Its effect was restricted to within 200-400nm of the flail line; however, flailing did help to 
reduce porosity by closing pores and flattening surface asperities. The lattice 
parameters and the thermal stability of the alloys decreased with increasing Ti content, 
the most stable solid solution breaking up at 566 K. Pure Ti precipitated out of solution 
when the PVD deposit overheated during deposition. The air formed surface oxide film 
was thin and contained a mixture of MgO and TiOz covered by Mg(OH)z and 
Hydromagnesite at the outermost surface. There was evidence for the formation of 
MgO and TiOz at columnar boundaries during deposition.
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Table 4.1 : XRD data for Mg-8wt%Ti
Experimental resu ts d spacings from literature
d(exp) Intensity I/Iq hkl Mg Ti MgO TiOz
2.882 0.26 220, 400 3.05 2.9
2.778 3.80 100 2.778
2.712 0.78 310 2.69
2.597 100 002 2.605
2.447 1.45 101 2.452
2.325
1.3
0.20
5.58
002, 222 
004 1.3028
2.342 2.32
Table 4.2: The estimated solid solution break up temperatures for the PVD Mg-Ti alloys 
studied in this thesis.
Alloy wt%Ti at%Ti SS break up temperature/ K
Mg-46Ti 46 30.2 545 ±2
Mg-40Ti 40 25.3 551 ±2
Mg-34Ti 34 20.7 556 ±2
Mg-26Ti 26.7 15.1 557 ±2
Mg-14Ti 14 7.6 568 ±2
Mg-8Ti 8 4.2 566 ±2
Table 4.3: Lattice parameters of PVD Mg-Ti alloys, data from Baliga et al 1997.
Material Lattice parameter (A)
(at%Ti) (wt%Ti) a c c/a
Pure Mg Pure Mg 3.2094 5.2105 1.6235
Mg-0.9Ti Mg-1.7Ti 3.2079 5.2005 1.6211
Mg-3.8Ti Mg-7.3Ti 3.1951 5.1618 1.6155
Mg-5.5Ti Mg-10.3Ti 3.1915 5.1536 1.6148
Mg-7.37Ti Mg-13.55Ti 3.1873 5.1491 1.6155
Mg-12.4Ti Mg-21.8Ti 3.1610 5.0993 1.6132
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grains
Porosity
Figure 4.1; Typical BEI of a planar section of the Mg-46wt%Ti alloy showing porosity 
present along the boundaries of grain colonies
Flail line
000018 WD15mm 20+OkV
Figure 4.2: Typical BEI cross section of the Mg-46wt%Ti alloy showing compositional 
banding and Mg rich areas at flail lines. White bands correspond to Ti rich areas.
63
Chapter 4 Characterization of the as deposited Mg-Ti alloys 64
Flailed
region
Of
Columnar
grains
Growth direction
Figure 4.3: Typical bright field TEM image of the Mg-26wt%Ti alloy, illustrating the 
microstructure within the flailed region.
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direction
Figure 4.4: Typical TEM bright field image of the Mg-26wt%Ti alloy showing the localised 
effect of the in-situ mechanical working of the deposit.
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Figure 4.5a-d: Bright field image and EELS compositional maps of the Mg-34wt%Ti 
alloy.
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Figure 4.6: XRD spectrum of the Mg-46wt%Ti alloy.
1: MgO [220]. 2: TiOg [311]. 3:Mg [101]. 4:MgO [222]. 5:MgO [511,333]. 6:Mg [103]. 
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Figure 4.7: DSC curves for Mg-Ti PVD alloys
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Figure 4.8: Bright field TEM image of Ti precipitates in PVD Mg-14wt%Ti alloy.
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Continued.
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Figure 4.9a to d: Bright field TEM image and EELS maps of Mg-14wt%Ti PVD alloy, 
showing Ti rich precipitates.
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Figure 4.10: Survey spectrum from Mg-46wt%Ti 1: O 2s, 2: Mg 2p, 3: Mg 2s, 4:Ar 2p, 5: 
C Is, 6 :Mg KL2 3 L2 3 , 7: Mg KL1 L2 3 , 8 : Mg KL1 L1 , 9: Ti 2p, 10: O Is, 11: O KL23L23.12: Ti 
L 2 M 2 3 M 2 3 .
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Figure 4.11: C Is  spectrum from the outermost surface (level 1) of Mg-46wt%Ti. 
Carbonate peak present at 290.4 eV.
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Figure 4.12: O Is  spectra from the outermost surface (level 1) and the bulk (level 10) of 
Mg-46wt%Ti.
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Figure 4.13: Mg 1s spectra from the outermost surface (level 1) and the bulk (level 10) of 
Mg-46wt%Ti.
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Figure 4.14: Mg KLL spectra from the outermost surface (level 1) and the bulk (level 10) 
of Mg-46wt%Ti.
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Figure 4.15: Ti 2p spectra from Mg-46wt%Ti.
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Figure 4.16: Changes in the ratio between metallic and oxide peak intensities from Mg 
KLL and Ti 2p peaks, taken from Mg-46wt%Ti.
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Chapter 5 Characterization of the corroded Mg-Ti 
alloys
5.1 Introduction
The development of Mg-Ti alloys via physical vapour deposition (PVD) has been part of 
an ongoing research effort to develop novel Mg alloys with improved mechanical and 
environmental properties. Previous studies of PVD Mg alloys had suggested that Ti as 
an alloying element could increase the corrosion resistance of PVD Mg alloys by 
providing a stable, self-healing protective oxide layer [Bray 1990, Baliga 1990, Baliga et 
al 1997]. Thermodynamic consideration of the corrosion of magnesium alloys shows 
that protection of magnesium and its alloys can be achieved via passivation and the 
formation of corrosion products that exhibit low solubility in aqueous environments over 
a wide pH range. The large negative free energy of formation of titanium oxides and the 
fact that they are stable in the presence of water over a large pH range makes Ti a 
suitable solute addition.
In Mg-AI alloys with AI >10wt% the improved corrosion resistance was attributed to the 
incorporation of AI cations into the brucite layered structure, via substitution of 
magnesium cations. This lead to an increased local positive charge that was balanced 
by the trapping of harmful OH’ and Cl’ ions, which in turn inhibited corrosion further 
[Baliga 1990].
In the present work, Mg-Ti alloys produced by PVD were studied after immersion in 
3wt%NaCI solution. A wide range of experimental techniques were used for the 
characterization of the corrosion products. The microstructure of the as deposited alloys 
was described in chapter 4.
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5.2 Results
5.2.1 Bulk characterization
The results of the gravimetric corrosion rate measurements that were performed at 
DERA, Farnborough are given in table 5.1. The corrosion rates of all the PVD Mg-Ti 
alloys were above that of pure PVD Mg. The general trend was an increase in the 
corrosion rate as the alloying level of Ti increased.
The typical pH values of the 3wt% NaCI solution during immersion of the samples of 
Mg-Ti alloys can be seen in figure 5.1. The pH of the solution increased rapidly after 
immersion of the sample. The pH of the solution of the Mg-8wt%Ti alloy exceeded pH= 
10 after 15 minutes, and reached a maximum value of 11.1 after 2 hours and thereon 
continued to fall below this value. The pH of the solution of the Mg-46wt%Ti alloy did 
not rise above pH=10. Thus, the Mg-8wt%Ti sample did not enter the Mg(0H)2 
formation region in the Pourbaix [1966] diagram (see figure 2.1) for a long period.
After the corrosion tests the samples were rinsed in distilled water then inhibisol and 
finally air-dried. Typical SEM images of the corroded samples in planar and cross 
section orientation are shown in figure 5.2a to c. In figure 5.2a the corrosion product 
appears to be layered and not adhering to the substrate, thus becoming exfoliated as 
indicated by the arrow. In figures 5.2b and c the corrosive attack seems to be located 
around cracks and the sites of flailing. This type of attack caused the exfoliation of 
corroded and uncorroded material, thus exposing new uncorroded alloy. It is suggested 
that this is the most likely cause of the high corrosion rates, as measured by the 
gravimetric analysis, see table 5.1.
Exfoliated corrosion products were collected and analysed by SEM and TEM. The 
results can be seen in figure 5.3a and b, which show the areas of un-corroded Mg- 
8wt%Ti alloy that had been exfoliated along with the corroded parts of the alloy. Figure 
5.3a shows the uncorroded alloy fractured along a flailed region. The corrosive attack 
can be seen on the edges of the sample and the surface. Figure 5.3b shows the cross
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section of the alloy, which is covered by corrosion product. The flailed regions, which 
are beginning to separate, are also visible.
TEM analyses of cross sectional corroded samples are shown in figure 5.4a to b. The 
results indicate that both sharp and diffuse interfaces between corroded and non­
corroded regions are present. The pattern of corrosion products in 5.4a suggests that 
corrosion attacks along certain boundaries preferentially. The corrosive attack can be 
seen to have followed certain grain boundaries and branched out leaving some areas 
uncorroded. In figure 5.4b the corrosion product/alloy interface is less diffuse, and there 
could be evidence of an old columnar grain boundary present. EDX and EELS analyses 
of this region and of the pure corrosion products can be seen in figures 5.5 to 5.7.
The EDX results (figure 5.5) show the distribution of elements at the corrosion product / 
alloy interface and that there might be an enrichment of Ti at the corrosion product/alloy 
interface. It can be seen that Ti was not detected in the corrosion product. An 
important point to be noted from figure 5.5 is that the Mg concentration in the corrosion 
product seems to be lower than in the alloy. This is possibly due to diffraction contrast 
in the image or MgO fluorescing. The corrosion product is also seen to be following 
grain boundaries or cracks in the un-corroded alloy (see O map in figure 5.5).
The EELS data for the Mg-8wt%Ti alloy in figure 5.6 shows the zero loss image and the 
Mg, Ti and O jump ratios. The image shows the corrosion product / alloy interface. It 
can be seen that there is a titanium rich layer, at the outermost edge of the uncorroded 
alloy, then followed by magnesium oxide. Figure 5.7 shows the EELS data only 
for the corrosion product region, which seems to be homogeneous with no segregation 
of corrosion products. Figure 5.8 shows the XRD trace of the Mg-8wt%Ti alloy after 
immersion in 3wt% NaCI for 7 days. The main peaks have been identified as belonging 
to Mg, MgO, and Mg(0H)2.
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5.2.2 Surface characterization
The results of the XPS analysis of the surface of the Mg-46wt%Ti alloy after 1 minute 
immersion in 3wt% NaCI can be seen in figures 5.9 to 5.19. Figure 5.9 shows a typical 
survey spectrum taken from Mg-46wt%Ti alloy before depth profiling. Montages of the 
acquired photoelectron peaks from depth profiled spectra are shown in figures 5.10 to 
5.14. The peaks were fitted using Shirley background subtraction techniques and a 
suitable combination of fixed parameters. Peak fitting showed that TiOg was present in 
the corrosion scale, figure 5.14. The results were quantified and used to plot the 
variation in atomic concentration with depth, figure 5.15. Figure 5.15 shows the change 
in the atomic concentrations of elements from the corrosion product towards the bulk 
alloy. There are opposite trends in the Mg Is  and O Is  profiles and a less dramatic 
change of the Ti 2p compared to the Mg Is  profile up to a certain distance below the 
surface, which corresponds to the corrosion product region.
Using the intensities and peak areas from the fitted peaks, the variation in the intensities 
of the oxide and metallic components was plotted in figures 5.16 and 5.17, which show 
the changes in the components with depth. Comparing the Mg and Ti components we 
can see that the rate of change of the Mg components is greater than the Ti 
components, possible due to the loss of Mg in the corrosion solution [Baliga et al 1997].
Figures 5.10, 5.18 and 5.19 show the presence of a TiC compound forming near the 
surface of the alloy. The TiC compound was found only in the spectra obtained from 
depth profiling and is thought to be a result of the Ar ion beam depth profiling. The peak 
positions are in agreement with the values reported in the literature.
5.3 Discussion
5.3.1 Bulk studies
The data in table 5.1 would indicate that Ti as a solute addition to Mg at levels above 
8wt% increased the corrosion rate of the PVD Mg-Ti alloys in 3wt% NaCI. It would also 
suggest that flailing had a marginal effect on the corrosion resistance of Mg-8wt%Ti and
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perhaps had a significant effect on the corrosion resistance of alloys with > 31wt%Ti. 
However, the results of the gravimetric corrosion tests should be considered with 
caution as it is clear that the alloys exhibited exfoliation (figures 5.2a and 5.3b). The 
exfoliation was caused by the preferential attack along sites of flailing, as seen in figures
5.2 and 5.3. The corrosive attack followed cracks into the alloy, then branched out 
along the flailed areas causing the exfoliation of the alloy in layers. Possible 
mechanisms for the initiation of corrosion are discussed below.
In pure water the corrosion rate of Mg is low, as the air formed oxide MgO hydrolyses to 
form Mg(0H)2, which is a passivating layer [Pourbaix 1969]. However, in chlorine 
containing solutions the corrosion is rapid, due to the solubility of Mg "^" in the solution.
The dissolution of magnesium causes the pH of the corroding solution to rise. Once the 
pH has risen above the corresponding passivation value in the Pourbaix diagram for a 
saturated Mg(0H)2 solution, formation of Mg(0H)2 on the surface can occur. The data 
in figure 5.1 would indicate that the surface film formed on the Mg-Ti alloys played some 
"protective" role.
The corrosion of Mg is also governed by galvanic and microgalvanic phenomena (see 
chapter 2). Magnesium has a very low electronegativity (-2.73 V for Mg%q)) and would 
be expected to be consumed preferentially when in contact with a more electropositive 
element such as Ti (-0.37 V for Ti%q)). In our case the Ti is in solid solution with Mg 
therefore galvanic and microgalvanic corrosion should not take place. However, the 
Mg-14wt%Ti alloy contained Ti precipitates (see section 4.2.1), so microgalvanic 
corrosion between Mg and the Ti precipitates would cause a large increase in the 
corrosion rate of the Mg-14wt%Ti alloy.
The corrosion rates measured in the Mg-Ti alloys of this study are attributed to 
preferential attack and the resulting exfoliation, which can be seen in figures 5.2 and 
5.3. The preferential attack is associated with the microstructure in these regions and is 
not related to the protectiveness of the corrosion product. The reason for these 
energetically favourable sites for corrosion could be due to two effects.
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1. The different microstructure along the flailed regions. As discussed previously 
(see section 4.2.1), the flail areas were Mg rich, and had been heavily worked, 
contained small equiaxed grains, high dislocation densities and possibly residual 
stresses.
2. The possibility of Ti precipitates forming in the flailed areas causing 
microgalvanic corrosion along these sites.
The precipitation of Ti in the flailed areas has not been confirmed by the TEM studies 
(see section 4.2.1). The more likely explanation is the new microstructure in the flailed 
areas being more susceptible to corrosion than the bulk of the alloy. This could be due 
to the increased number of grains and therefore high grain boundary area found in the 
flailed regions as well as the chemical composition of the flailed regions (Mg rich).
Figures 5.2b and c show preferential attack in layers. The distribution of the corrosion 
products and the exfoliation of material in layers (figure 5.3) suggests that the attack 
was concentrated on the flailed regions. EDX analysis of the corrosion product showed 
that it was Mg rich and that the surrounding alloy was Ti rich, which corresponds well 
with the fact that corrosion proceeds with Mg loss in the solution leaving behind a Ti 
enriched alloy [Baliga et a /1997].
After immersion in 3wt% NaCI solution samples of the alloys were prepared for cross 
sectional TEM analysis. The preparation of the samples was difficult as the corrosion 
product was fragile and several samples had to be made in order to obtain one good 
specimen. The TEM studies concentrated on the corrosion product / alloy interface and 
the microstructure of the corrosion product. Figure 5.4 shows the corroded areas and 
the bulk alloy. The interface between the corrosion product and alloy was examined 
using EDX mapping to give the distribution of elements at the interface. Figure 5.5 
shows the EDX maps and the distribution of Mg, Ti, O and Si. Silicon was probably 
picked up by contamination from the specimen preparation techniques. The main 
concentration of O is at the corrosion product / alloy interface and in the bulk of the 
corrosion product. Magnesium concentration is highest in the alloy and not in the 
corrosion product. This could be due to the alloy being thicker, thus giving an increased 
intensity of X-rays compared to the corrosion product. The Ti is concentrated in the bulk
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of the alloy, which is as expected, but there is some evidence indicating enrichment in Ti 
of the corrosion product/alloy interface.
The results of the EELS studies are shown in figure 5.6. The images indicate that there 
is a small layer of Ti oxide at the corrosion product /alloy interface, followed by the bulk 
corrosion product, which seems to be homogeneous and contains both Mg and Ti. 
Further analysis of the bulk corrosion product by EELS showed this to be the case, see 
figure 5.7.
A typical XRD spectrum of the corroded specimens is shown in figure 5.8. The 
spectrum is different from that of a typical uncorroded alloy (see figure 4.6) in that the 
low angle background is higher, thus indicating the possibility of amorphous phases 
being present in the corrosion product. The peaks indicate that the corrosion product 
mainly consists of Mg(0H)2 and MgO, which is in agreement with previous work on Mg 
alloys [Baliga 1990, Diplas 1998]. There was some difficulty in identifying the peaks 
accurately as the d spacings for Mg and Ti compounds are very close. The XRD data 
for the Mg-46wt%Ti alloy in table 5.2 does not show conclusive evidence for the 
presence of Ti0 2  and hydromagnesite in the corrosion product.
5.3.2 Surface studies
The XPS results showed significant variation in Mg and O content of the corrosion 
products compared to the bulk alloy (see figure 5.15). The XPS results also showed 
that Ti02 was present in the corrosion product, see figure 5.14, which is in agreement 
with the EELS data, see figure 5.6.
If we consider figure 5.15, the change in the atomic concentrations from the corrosion 
product to the bulk alloy would suggest a gradual decrease in oxygen content 
accompanied by a gradual increase in Mg content and a slight increase in Ti content. 
The interface region can be understood better if we consider the depth profile montages 
of Mg and O, shown in figures 5.11 and 5.12 respectively. The O montage shows a shift 
in the O peak position, which can be attributed to the hydroxide and oxide components
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alternating in intensity. The interface region has been defined as the region in which 
these changes take place. After this interface region the peak positions do not change 
much, but the intensities of the oxide and metallic components alter as shown in figures 
5.16 and 5.17. The variation of the oxide and metallic components could suggest a 
diffuse interface between the corrosion product and the alloy. The general trend is an 
increase in the metallic components as the profiling penetrates deeper into the corrosion 
product/alloy.
The results support further the suggestions of Baliga et al [1997] that TiOg participates in 
the corrosion product of Mg-Ti alloys together with MgO. These results would suggest 
that there is a mixed MgO-TiOg type oxide present in the corrosion product, which is 
responsible for the low corrosion rate of Mg-Ti alloys, compared to other Mg-TM alloys. 
However, formation of a spinel type compound has not been confirmed or disproved. 
The latter would require further analytical and diffraction work in the TEM, which has not 
been possible in this study, owing to the limited amount of material available.
In figure 5.15 the residual O concentration is still quite high. This residual O has been 
noticed in previous work on PVD Mg alloys. Diplas et al [1999a] attributed this residual 
O to the processing technique, which caused the inclusion of O at the columnar 
boundaries in the form of oxides. The level of residual O found by Diplas et al [1999a] is 
comparable with the level recorded for the Mg-46wt%Ti alloy. Thus, the residual O 
concentration found in the alloy can be attributed to the O found at the columnar 
boundaries, which was discussed earlier.
Another feature of the Ti XPS peaks was the presence of a titanium carbide component. 
This carbide component can be found in both the C peaks and the Ti peaks, see figures 
5.18 and 5.19. The formation of titanium carbide has been attributed to the ion beam 
etching and therefore is an ion beam induced effect. The absence of the titanium 
carbide at greater depths indicated that there is a reduced presence of C at greater 
depth, which can be seen in figure 5.10. The reduced C content suggests that the 
corrosion product is not porous, otherwise C would be found throughout the corrosion 
product.
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5.4 Conclusions
The corrosion of in-situ mechanically worked PVD Mg-Ti alloys with 8wt% < Ti < 46wt% 
was inferior to that of pure PVD Mg. This increased corrosion rate has been attributed 
to the preferential attack along the sites of mechanical working resulting in exfoliation of 
the alloys. The corrosion product contained a mixture of MgO, TiOg and some Mg(OH ) 2  
at the outermost surface. It would appear that in-situ mechanical working is not 
beneficial to the corrosion behaviour of PVD Mg alloys, since it leads to the formation of 
narrow regions of worked microstructure surrounded by large regions with the typical 
PVD microstructure
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Table 5.1: Corrosion rates of PVD Mg-Ti alloys in 3wt.% NaCI.
Material
Corrosion Rate (mg/dmVday)
wt%Ti at%Ti
Pure Mg 34.7
Alloys Flailed* Not flailed*
Mg-8Ti Mg-4.2Ti 42.2 51.3
Mg-31Ti Mg-18.6Ti 148.6
Mg-40Ti Mg-25.3Ti 48.7
Mg-46Ti Mg-30.2Ti 74.8
(* this work, from Baliga et al [1997].
Table 5.2: Typical XRD data for the Mg-46wt%Ti alloy after 7 days immersion in 3wt% 
NaCI.
Mg-46wt% Ti d spacings from literature
Angle (20) Intensity d(exp) hkl Mg Ti MgO Mg(0H)2 Hyd.M TiOz
29.7 5 3.006 220 3.05 2.97
34 5 2.635 002 2.605 2.68
35.493 100 2.527 101 2.452 2.557
37.5 5 2.396 101 2.34 2.365 2.377
38.3 4 2.348 222 2.342 2.34
43.4 3 2.083 003 2.04 2.1 2.073
47.8 2 1.901 102 1.9002
48.8 2 1.865 020 1.794 1.873
51.3 1 1.779 102 1.726 1.794 1.72
58.9 2 1.567 110 1.56 1.573 1.58
64.7 2 1.44 440 1.473 1.475 1.443 1.494
74.826 11 1.268 202 1.2264 1.276 1.29
Hyd.M = Hydromagnesite Mg5 (C0 3 )(0 H)2 .4 H2 0
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Figure 5.1: pH change of the 3wt% NaCI solution during immersion of the alloy samples 
over a period of 7 days.
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regions
(c). Mg-8wt%Ti
Figure 5.2; Backscattered electron images of PVD Mg-Ti alloys after 7 days immersion 
in 3wt%NaCI.
Flail lines
(a) (b)
Figure 5.3: Backscattered electron images of exfoliated corrosion products from the Mg- 
8wt%Ti alloy. The uncorroded areas in the fragments can be seen in (a), (b) shows a 
larger fragment already splitting into smaller fragments by exfoliating along the flail lines.
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Figure 5.4; TEM micrographs of Mg-8wt%Ti alloy after immersion for 7 days in 3wt% 
NaCI. (a) shows the preferential attack of certain areas, (b) shows the interface between 
the corrosion product and the alloy.
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Figure 5.5: EDX map in the TEM of Mg-8wt%Ti alloy after 7 days immersion in 3wt% 
NaCI. The analysis region was taken across the alloy / corrosion product interface
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Zero loss image Mg jump ratio image
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Figure 5.6: EELS of the Mg-8wt%Ti alloy after 7 days immersion in 3wt% NaCI. The 
analysis area includes a corrosion product / alloy interface.
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Ti jump ratio image O jump ratio image
Figure 5.7: EELS of the Mg-46wt%Ti alloy after 7 days immersion in 3wt% NaCI. The 
corrosion product is almost homogeneous with a slight variation in Ti and has a needle 
like morphology, as seen in the bright field image.
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Figure 5.8: XRD trace of the Mg-8wt%Ti alloy after immersion in 3wt% NaCI for 7days.
1: MgO, 2: Mg, 3:Mg(OH)2, 4: Mg, 5: Mg, 6: Mg, 7: Mg(0H)2, 8: Mg, 9: Mg(0H)2,10: Mg, 
11:Mg, 12: Mg(0H)2.
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Figure 5.16: The variation of the Mg KLL oxide and metallic component intensity with 
etch time. For the Mg-46wt%Ti alloy after immersion in 3wt% NaCI.
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Figure 5.17: The variation of the Ti 2p oxide and metallic component peak area with 
etch time. For the Mg-46wt%Ti alloy after immersion in 3wt% NaCI.
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Chapter 6 Physical vapour deposition of a Mg-Zr 
alloy
6.1 Introduction
Along with the Mg-Ti alloys given in table 3.1 only one alloy of the Mg-Zr system was 
available for this work. This alloy system had been studied in the as deposited condition 
previously [Diplas 1998, Diplas et a/ 1999a, b and c] and it was found that the Zr alloying 
addition participated in oxide film formation which helped to reduce the corrosion rate. 
One of the main problems associated with the PVD Mg-Zr alloys studied by Diplas 
[1998] was their poor mechanical stability in the as deposited condition. The deposits 
were heavily cracked throughout and any oxide scale that formed was also heavily 
cracked due to the condition of the substrate. The poor mechanical stability of the Mg- 
Zr deposits was the reason why these could not be mechanically worked during 
deposition. Instead a new technique was developed that could remove the inherent 
porosity after deposition.
Isothermal hammer drop forging at 523 K was used to remove porosity and 
mechanically work the deposit after deposition (see section 3.2). In this study it was not 
possible to study the effect of forging parameters on the microstructure of PVD Mg-Zr 
alloy, because of the lack of material, which was beyond the control of the author.
6.2 Results
6.2.1 Characterization of the as forged alloy
SEM was used for the planar and cross-sectional studies of the as forged alloy. A 
typical photomicrograph is shown in figure 6.1. The photomicrographs obtained showed 
none of the typical PVD features found in Mg-Ti alloys (cf. figures 4.1 to 4.4). Both
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porosity and growth defects were absent and there were no significant compositional 
differences visible, compared to the Mg-Ti alloys which showed a large compositional 
variation (cf. figures 4.1 to 4.4). Typical TEM data including SAD patterns of the as 
forged alloy can be seen in figure 6.2. Figure 6.2a shows the remnants of a columnar 
grain, which has been replaced by equiaxed grains due to forging. SAD patterns 
confirmed the presence of new equiaxed grains. There were still some remaining 
columnar grains in some of the micrographs but these were sparse. No evidence for 
porosity was found. Figure 6.2b shows a SAD pattern taken over an area similar to that 
shown in figure 6.2a. The main rings have been identified as belonging to Mg. There 
was no evidence for precipitation of second phases in the as forged microstructure.
The XRD data for the Mg-2wt%Zr alloy is shown in table 6.1. The recorded peaks 
corresponded closely with the literature values for Mg and possibly some MgO. No Zr 
peaks could be identified.
The DSC trace of the Mg-2wt%Zr alloy is shown in figure 6.3. The DSC curve shows no 
strong peaks that are discernible from the background, with perhaps a weak peak at 
T«265°C, which is in the temperature range of the break-up of the other Mg-Zr solid 
solutions [Varich et al 1963]. Therefore, a solid solution break-up temperature (if any) 
could not be estimated. The absence of a defined peak for solid solution break up is 
attributed to the low level of solute addition.
The characterization of the alloy using XPS was limited owing to the low alloying level of 
Zr. The low alloying level made acquisition of Zr peaks very difficult, as the signal to 
noise ratio was very low. Figure 6.5 shows the survey spectrum obtained for Mg- 
2wt%Zr. Figures 6.6 to 6.10 show the high resolution spectra obtained for this alloy. 
From figure 6.10 we can calculate the shift in the peaks due to charging and accurately 
determine the other peak positions. Figure 6.7 shows the O Is  peak, which has been 
identified as a hydroxide component, indicating the presence of Mg(0H)2. Figure 6.8 
give the Mg Is  peak identified as MgO. This is in agreement with previous work [Diplas 
1998]. The Mg KLL peaks, see figure 6.9, show the metallic and oxide components 
clearly. Figure 6.10 shows the weak Zr 3d peak obtained. The peak was tentatively
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identified as ZrOg. This is in contrast to the previous work of Diplas [1998] where ZrOg 
was not detected in the surface of the as deposited alloys.
6.2.2 Characterization of the corroded alloy
The pH values of the 3wt% NaCI solution during immersion of the Mg-Zr alloy sample 
can be seen in figure 6.4. The pH of the solution increased steadily after immersion of 
the sample. The pH of the solution exceeded pH= 9 after about 60 minutes, and 
reached a maximum value of 9.6 after 2 hours (see also figure 5.1) and thereon 
continued to fell below this value. Thus, the Mg-2wt%Zr sample did not enter the 
Mg(0H)2 formation region in the Pourbaix [1966] diagram (see figure 2.1) for a long 
period. The main changes in the sample as corrosion took place were the tarnishing of 
the polished surface and the production of bubbles from all surfaces. After a few hours 
a white corrosion product was formed on the surface of the alloy. No exfoliation of the 
alloy occurred (c.f. Mg-Ti alloys section 5.3.1).
After the corrosion tests the sample was rinsed in distilled water then inhibisol and finally 
air-dried. SEM images of the corroded alloy are shown in figure 6.11. Figure 6.11a 
shows corrosion products which contain cracks, possibly due to residual stresses in the 
corrosion product or because of the condition of the substrate. The typical thickness of 
the corrosion product is 20 to 30 pm, which is comparable to the corrosion product 
thickness recorded by Diplas [1998]. Figures 6.12 and 6.13 show an EDX spectrum and 
elemental maps of an area on the corroded alloy surface similar to that shown in figure 
6.11b. The elements identified were Mg, Zr and some O. The level of Zr detected was 
very low, with the Zr peaks just above the background level in both figures 6.12 and 
6.13. A typical TEM micrograph of the corrosion product / alloy interface from the 
corroded alloy after 7 days immersion in 3wt% NaCI is shown in figure 6.14. Figure 6.15 
shows a SAD pattern taken from the interface region shown in figure 6.14. The rings 
have been identified as mainly Mg, with some MgO also present.
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XRD results from the corroded alloy are given in table 6.2. The peaks are identified as 
belonging to Mg and MgO with possibly some Mg(0H)2. The absence of any Zr peaks 
was attributed to the low Zr content in the alloy.
Figures 6.16 to 6.21 give XPS results obtained from the Mg-2wt%Zr alloy after 
immersion in 3wt% NaCI solution for 1 minute. The survey spectrum in figure 6.16 is 
similar to that of the as forged alloy shown in figure 6.6. The carbon Is  peak was used 
to determine the extent of charging of the sample and the associated peak shifts. The 
presence of COg’  ^suggests the possibility of hydromagnesite formation, which is similar 
to the Mg-Ti results. Taking into account the shifts in the peak positions due to 
charging of the sample the main components of the O Is  and Mg Is  spectra are oxide 
and MgO (see figures 6.17 to 6.19). Figure 6.20 gives the Mg KLL spectrum, the oxide 
component is much more intense than the metallic component making accurate peak 
position difficult. Figure 6.21 shows the high resolution Zr 3d spectrum, no peaks could 
be identified from the trace.
6.3 Discussion
6.3.1 The as forged alloy
The as forged Mg-Zr alloy showed none of the typical PVD microstructural features such 
as porosity at grain boundaries, columnar grains and ‘V ’ shaped defects. Previous work 
[Diplas 1998, Diplas et al 1999a] had shown that the as deposited un-worked PVD Mg- 
Zr alloys exhibited all the characteristic PVD features, and the microstructures were 
described as belonging to Zone 1 of the structure model of Movchan and Demchishan 
(see section 2.11 and figures 2.4 and 2.5). This difference in the microstructural 
features is due to the isothermal forging process. The characteristic PVD features have 
all been eliminated by forging and replaced with a refined microstructure. Diplas [1998] 
found cracks that were present throughout the thickness of the deposits. He attributed 
these cracks to the thermal stresses caused by the rapid cooling rates of the PVD 
process [Bunshah 1982]. However, Diplas noticed that the Mg-Zr alloys were more 
heavily cracked than the Mg-V alloys. Diplas proposed that these cracks arose from the 
volume change accompanying the “martensitic” transformation of Zr0 2  that was present
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at the columnar boundaries. As the high temperature (above 1443 K) tetragonal phase 
(t-ZrOz) changed to a low temperature monoclinic (m-ZrOg) phase, the change was 
accompanied by an increase in volume [Stevens 1986, Parfenov et al 1969]. The 
absence of any cracking in the forged alloy suggests that the post deposition 
mechanical working eliminated cracking and consolidated the parent material fully.
The as forged microstructure consisted mainly of equiaxed grains as well as some 
columnar grains and a high dislocation density. The columnar grains were replaced by 
smaller equiaxed grains, but some features of the original columnar microstructure were 
retained, which indicates that the microstructure was not fully refined for the forging 
conditions used. This would suggest that there is scope for further refinement of the 
microstructure by increasing further the amount of deformation during forging.
The DSC trace in figure 6.4, shows no discernible peaks above the background. The 
small peak at %265°C is in the range of break-up temperatures recorded previously for 
RS Mg-Zr alloys [Varich et al 1963]. This is attributed to the level of Zr in the alloy being 
low, indeed the room temperature equilibrium solid solubility of Zr in Mg is <0.1 at% (or 
<0.5wt%), see figure 2.11. The actual average solute content of 1.76wt%Zr in the alloy 
is above the equilibrium room temperature solid solubility but below the maximum solid 
solubility of »1at%Zr (or 3.5wt%Zr) at the peritectic temperature and above the solubility 
limit of «0.1at%Zr (0.5wt%Zr) in Mg at T^«300°C.
The low alloying level of Zr also made it difficult to study the role, if any, of Zr in the 
surface of the alloy by XPS. Taking into account the shifts in the peaks due to charging 
(-0.7 eV) the evidence could perhaps suggest the presence of ZrOg in the surface 
(binding energy ZrOg =182.2 eV), see figure 6.10. Magnesium oxide and magnesium 
hydroxide peaks were also detected on the surface by XPS. This is in agreement with 
previous work on Mg-Zr alloys [Diplas 1998, Diplas et al 1999a].
The presence of ZrOg in PVD Mg-Zr alloys has been discussed by Diplas and co­
workers [Diplas 1998, Diplas et al 1999a], who attributed it to the Gibbs free energy of 
formation of ZrOg (-564 kJ moM ) being close to that of MgO (-569.4 kJ mol'^ ) [Nuffield
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1992]. Thus, if ZrOg were indeed present in the surface of the as forged Mg-Zr alloy 
studied in this thesis, it is suggested that the oxide would have formed simultaneously 
with MgO during deposition.
6.3.2 The corroded alloy
The corrosion resistance of the forged Mg-2wt%Zr alloy was not measured because of 
the lack of available material. However, the corrosion rates of as deposited alloys have 
been measured [Diplas 1999a] and are given in table 6.3.
The pH data in figure 6.4 shows the steady rise of the pH of the solution to a value less 
than that of the Mg-Ti alloys (see figure 5.1), but is in agreement with previous results 
for Mg-Zr alloys [Diplas 1998]. The data is an indirect indicator of the protective role of 
the surface film and would suggest that the surface film formed on the Mg-Zr alloy 
played some "protective" role (c.f. section 5.3.1).
Cracks in the corrosion product can be seen in figure 6.11a Diplas [1998, 1999a] 
attributed these cracks in the corrosion product to the poor substrate condition due to 
ZrOz at the interface between columnar grains undergoing a "martensitic" type 
transformation with an associated volume increase upon cooling. In contrast, the alloy 
studied in this work contained no such cracks, figure 6.11b, hence, the cracking in the 
corrosion product could not be attributed to the condition of the substrate. Diplas [1998] 
also suggested that the presence of ZrOg at the metal/corrosion product interface could 
be responsible for the buckling in the corrosion product due to the high Pilling-Bedworth 
ratio of the oxide (1.56). This buckling could lead to the cracking seen in figure 6.11a.
Figure 6.11b shows the alloy/corrosion product interface. The thickness of the corrosion 
product, about 20-30pm, after immersion in 3wt% NaCI for seven days is similar to the 
thickness recorded by Diplas, of about 10-30pm [1998, 1999a].
Figure 6.12 shows a typical EDX spectrum taken from the corrosion layer. The Zr peaks 
are only just above the background, compared to the Mg and O peaks, which are very
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intense. The EDX maps in figure 6.13 show the alloy / corrosion product interface 
region taken from the area shown in figure 6.11b. The corrosion product seems to be 
mainly a magnesium oxide. The Zr map does not allow us to reach any conclusions 
regarding the participation of Zr in the corrosion product.
A TEM micrograph of the corrosion product is shown in figure 6.14. The SAD ring 
pattern in figure 6.15 would suggest a microcrystalline structure consisting of Mg and 
MgO.
The XRD data for the corroded alloy given in table 6.2 indicates that the majority of the 
peaks were from Mg, with a few peaks corresponding to MgO and Mg(0H)2. All the Zr 
peaks coincide with the Mg ones. Thus, XRD could not confirm whether Zr participated 
in the formation of the corrosion product. The above results from the TEM and XRD 
studies are not in agreement with previous work [Diplas 1998, Diplas et al 1999a] where 
it was suggested that the formation of either Zr sub-oxides or an amorphous Zr oxide is 
possible on the surface of PVD Mg-Zr alloys after immersion in 3wt% NaCI. This 
difference could be due to the different microstructures of the alloys studied, although 
further investigation into forged alloys with higher solute contents would be required for 
a fair comparison with previous work [Diplas 1998, Diplas et al 1999a]. The alloys 
studied by Diplas had large columnar grains and high levels of porosity, which 
contributed to the overall corrosion rate, which is still below that of pure Mg (see table 
6,3 c.f. table 5.1). Diplas' alloys were also inhomogeneous (i.e. had banded 
microstructure) and had higher Zr solute additions. Diplas attributed the severe 
exfoliation seen in some of the deposits to microgalvanic corrosion between the bands 
of different composition.
The alloy studied in this study had a refined microstructure and no porosity, and the 
alloy also had very little through thickness compositional variation, possibly due to the 
low level of Zr in the alloy. The microgalvanic corrosion between layers of different 
composition would not have played a significant part in the corrosion of this alloy. These 
differences in the alloy microstructure could increase the corrosion resistance of this 
alloy to levels even higher than those reported for the as deposited Mg-2wt%Zr [Diplas 
et al 1999a], see table 6.3.
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The XPS results for the corroded alloy in figures 6.16 to 6.21 show that there was no 
detectable Zr present in the corroded surface, indicating that either Zr did not participate 
in the corrosion reaction or that Zr corrosion products were not detected owing to the 
low level of Zr in the parent alloy. The latter is most probable, as Zr was detected on the 
surface of the as forged alloy and Zr has been seen to participate in the corrosion 
products in previous studies [Diplas 1998]. It is suggested that the corrosion products 
formed on the surface of the forged Mg-2wt%Zr alloy were MgO and Mg(0H)2.
6.4 Conclusions
Isothermal hammer drop forging eliminated all the characteristic PVD features from the 
Mg-Zr alloy studied in this work effectively. The microstructure of the alloy changed 
from columnar to equiaxed compared to the flailed Mg-Ti alloys where the change in the 
microstructures was only local to the sites of mechanical working. The surface film 
formed on the as forged Mg-Zr alloy was mainly MgO with possibly some Mg(OH ) 2  and 
Zr02 being formed. The corrosion products after total immersion corrosion tests in 
3wt% NaCI for 7 days were MgO and Mg(0H)2. The Zr content of the alloy was too low 
to enable any Zr oxides, if present, to be detected in the corrosion products. The 
isothermal hammer drop forging eliminated the substrate cracking seen in Mg-Zr alloys 
previously [Diplas 1998, Diplas et al 1999a]. This reduced the associated cracking in 
the corrosion product, although some cracking that was still present in the oxide, could 
possibly be attributed to the high Pilling-Bedworth ratio (1.56) causing buckling in the 
oxide and subsequent cracking.
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Table 6.1: XRD data for the Mg-2wt% Zr alloy.
Angle (20) Intensity d(exp) hkl Mg MgO Zr ZrOz
32.174 9 2.78 100 2.778 2.798
34.4 38 2.604 002 2.605 2.573
36.6 57 2.453 101 2.452 2.459
47.81 21 1.901 102 1.9
57.36 5 1.605 110 1.605 1.616 1.5821
63.07 100 1.473 103 1.473 1.443 1.463 1.4975
68.62 10 1.367 112 1.366 1.368
70 3 1.343 201 1.366 1.35
72.5 2 1.302 004 1.303 1.29 1.2869
81.56 10 1.179 104 1.18 1.174 1.169 1.1728
90.46 2 1.085 203 1.085 1.014 1.084
96.82 2 1.03 211 1.03 1.014 1.036 1.0548
99.235 7 1.011 114 1.011 1.014
104.3 8 0.975 212 0.976 0.978
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Table 6.2: XRD results for the Mg-2wt%Zr corroded for 7 days in 3wt%NaCI solution.
Angle (20) Intensity d(exp) hkl Mg MgO Mg(OH)z Zr ZrOz
32.437 12 2.758 100 2.778 2.798
34.632 10 2.588 002 2.605 2.573 2.599 2.574
36.834 41 2.438 101 2.452 2.459 2.475
38.22 17 2.353 222,101 2.34 2.365
48.021 27 1.893 102 1.900 1.909 1.841
51 6 1.789 102 1.794 1.793
57.577 8 1.599 110 1.604 1.586
58.93 9 1.566 511,333 1.604 1.56 1.58
62.3 5 1.489 111 1.473 1.494
63.27 100 1.469 103 1.473 1.494 1.475
68.81 10 1.363 112 1.366 1.378
70.2 6 1.34 201 1.343 1.347
78 32 1.224 202 1.226 1.29
81.752 9 1.177 104 1.179 1.17 1.17
90.6 4 1.084 203 1.085
97 5 1.028 211 1.029
99.446 18 1.01 114 1.011 1.01
104.5 7 0.974 212 0.974
108.5 3 0.949 204 0.950
118.2 4 0.898 213 0.898
Table 6.3: Corrosion data for Mg-Zr alloys'
Alloy Corrosion rate in 3wt%NaCI / mdd
Mg-2wt%Zr 2.42
Mg-8.6wt%Zr 0.21
mdd = mg dm'^ day’  ^ * data from Diplas et al [1999a]
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Figure 6.1 A backscattered electron image in planar orientation of the as forged Mg- 
2wt%Zr alloy. No typical PVD features can be seen, except of a slight compositional 
variation on the left hand side of the image.
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Figure 6.2 (a) A TEM micrograph showing a cross section of the as forged alloy. 
Porosity in this alloy has been eliminated and columnar grains have been replaced by 
equiaxed ones. The outline of columnar grains can be seen. The two SAD patterns 
show the orientations of the new grains, (b) SAD pattern of another area similar to figure 
(a).
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Figure 6.3 DSC curve obtained from the as forged Mg-2wt%Zr alloy.
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Figure 6.4: pH change of the 3wt% NaCI solution during immersion of the alloy sample 
over a period of 7 days.
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Figure 6.5: XPS survey spectrum from Mg-2wt%Zr. 1:Mg 2p, 2:Mg 2s, 3:0 Is, 4:Mg 
KLL, 5:0 Is, 6:0 KLL.
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Figure 6.6: XPS spectrum of C Is  from Mg-2wt%Zr.
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Figure 6.7: XPS high resoiution spectrum of O Is  from Mg-2wt%Zr.
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Figure 6.8: XPS high resolution spectrum of Mg Is  peak from Mg-2wt%Zr.
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Figure 6.9: XPS spectrum of Mg KLL from Mg-2wt%Zr.
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Figure 6.10: XPS spectrum of Zr 3d peak from Mg-2wt%Zr.
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Figure 6.11: (a) A typical BE image of the surface of the Mg-2wt%Zr alloy after 
immersion for 7 days in 3wt% NaCI. (b) A typical BE image of the corrosion product 
alloy interface taken from a cross section of Mg-2wt%Zr after immersion for 7 days in 
3wt% NaCI.
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Figure 6.12: EDX spectrum taken from the oxide layer shown in figure 6.11b. The Zr 
peaks are only just above the background intensity.
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Figure 6.13: EDX map of a section of the oxide / alloy interface shown in figure 6.11b.
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Figure 6.14: Typical TEM image of the corrosion product / alloy interface taken from the 
Mg-2wt%Zr alloy after 7 days immersion in 3wt% NaCI.
Figure 6.15: SAD pattern from the corrosion product / alloy interface region shown in
figure 6.14.
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Figure 6.16; Survey spectrum of Mg-2wt%Zr aiioy after 7 days immersion in 3wt% NaCI. 
1:0 2s, 2:Mg 2p, 3:Mg 2s, 4:C Is, 5:Mg KLL, 6:0 Is, 7:0 KLL.
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Figure 6.17: XPS spectrum of C Is  peak from Mg-2wt%Zr aiioy after 7 days immersion 
in 3wt% NaCI.
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Figure 6.18: XPS high resolution spectrum of O Is  peak from corroded Mg-2wt%Zr aiioy 
after 7 days immersion in 3wt% NaCI.
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Figure 6.19: XPS high resoiution spectrum of Mg Is  peak from corroded Mg-2wt%Zr 
aiioy after 7 days immersion in 3wt% NaCI.
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Figure 6.20: XPS spectrum of Mg KLL peak from Mg-2wt%Zr alloy after 7 days 
Immersion In 3wt% NaCI.
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Figure 6.21 : XPS spectrum of Zr 3d peak from Mg-2wt%Zr alloy after 7 days Immersion 
In 3wt% NaCI.
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Chapter 7 Auger parameter studies and charge 
transfer calculations
7.1 Introduction
In chapter 4 we saw that the limited solubility of Ti in Mg [Massalski 1990] has been 
overcome using PVD, and that metastable solid solutions of Ti in Mg with up to 46wt%Ti 
can be formed [Baliga et al 1997, Mitchell and Tsakiropoulos 2000]. The production of 
metastable solid solutions of Ti in Mg offers a unique opportunity to study the changes 
occurring at electronic level upon alloying, such as core hole screening or charge 
transfer (or charge redistribution) between Mg and Ti.
Auger parameter changes have been suggested to be a measure of the screening 
efficiency of a system in response to the presence of a localized core hole [Thomas and 
Weightman1986]. Considering that metals are characterised by perfect screening, 
reduced screening means that the atoms experience a “less metallic” environment. 
Auger parameter (AP) shifts in conjunction with the Thomas and Weightman [1986] 
model have been used to calculate the charge transfer (CT) in several alloy systems 
[Thomas and Weightman 1986, Gregory et a! 1993, Walker et a! 1994, Weightman et a! 
1995, Gaarenstroom and Winograd 1977, Diplas et a! 1999c, Diplas et a! 2000]. The 
metallurgical implications of AP variations in several alloys have also been discussed 
[Diplas 1998, Diplas et a! 1999c]. This chapter compares the AP and CT values and 
their variation with alloy composition for PVD Mg-Ti and PVD Mg-V alloys. The alloying 
behaviour of Ti in Mg at the electronic level is discussed.
7.2 Charge transfer calculations
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Charge transfer was calculated from the Auger parameter changes between pure metal 
and alloy using the Thomas and Weightman model [Thomas and Weightman 1986]. 
Two sets of Auger parameter were acquired, the final state and the initial state Auger 
parameter. The final state Auger parameter (a*) [Gaarenstroom and Winograd 1977] 
was calculated by adding the binding energy (BE) of the photoelectron peak with the 
kinetic energy (KE) of the equivalent Auger transition according to equation 1
^  ' “  ^kAuget^ ^h P E  (1)'
The Auger parameter in equation 1 can be determined accurately since energy 
referencing problems are cancelled out. The initial state Auger parameter (p) [Evans et 
a /1992] is given by equation 2
P = KE(ijj) + BE(i) + 2BE(j) (2)
where KE(yj) is the kinetic energy of the Auger transition involving the i and j core levels 
whilst BE(i) and BE^) are the binding energies of the i and j core levels respectively. The 
initial state Auger parameter does not have the advantages arising from the cancellation 
of energy referencing errors. However, this limitation may be minimized when 
simultaneous observations of spectra from two different environments are made.
It can be shown [Thomas 1980, Evans et al 1992, Cole et al 1995, Weightman 1998] 
that
Ap = 2AV (3)
Aa = 2AR (4)
where R is the final state relaxation energy and V is the atomic core potential. Thus, 
equations 3 and 4 demonstrate how initial and final state effects may be separated. The 
AP shift can be calculated from equation 5
A a * = a  - a  (5).
The model proposed by Thomas and Weightman [1986] allows the estimation of the 
charge transfer occurring upon alloying using changes in the Auger parameter. The 
linear potential model (where the potential in the core of an atom is assumed to vary
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linearly with the valence charge q of the atom, and the core occupation number N) is 
described by [Thomas and Weightman 1986]
where i refers to the valence orbital (if there is more than one valence orbital), and kj is 
the change in the core potential when a valence electron is removed. The term dk/dN 
represents the shrinkage of the valence orbitals caused by the removal of a core 
electron; the sign of this term is always negative. The last term, dU/dN, is the change in 
the atomic potential at the site due to changes in charge distribution ofneighbouring 
atoms caused by the creation of the core hole N. Assuming perfect local screening of 
the core-hole for metals (dq/dN=1 in both environments, thus A(dq/dN)=0), and 
assuming that the polarization of the surroundings accompanying core-hole formation is 
zero for conductors, the above equation can be simplified to [Thomas and Weightman 
1986]
A a * =  A q A  (7)
dN
if one type of valence electron is important in the screening. Charge transfer values for 
Mg (Aqivig) were calculated using equation 7a
(7a)
Where (dk/dN) is the potential parameter value obtained from atomic structure 
calculations [Gregory et al., 1993].
The CT values of Ti were calculated from equation 8, which has been derived assuming 
that the difference in d screening following core ionization is equal to the difference in d 
charge [Thomas and Weightman 1986]
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In equation 8 Aqji is the charge transfer from Mg atoms and Ax is the charge transferred 
to the Ti 3d sites. The charge transfer (Agji) to the Ti sites in equation 8 has been 
deduced assuming overall charge neutrality according to equation 9
%A(7Afg= - (1-%)A(777 (9)
where % is the molar fraction of the alloying element and ^q  is the charge transferred. 
Recent studies [Cole et al 1994, Weightman et al 1995] have extended the Thomas and 
Weightman model to demonstrate the importance of quadratic dependence of the core 
potential or valence charge. This quantitatively modifies the above analysis and 
complicates the description of the screening process, but the simpler Thomas and 
Weightman model remains useful in defining trends in alloying behaviour.
7.3 Results
The survey spectrum of Mg-40wt%Ti in figure 7.1 is representative of all alloys and 
shows the main spectroscopic features. Both Cr Kp and strong Al exited emissions 
are present with the high binding energy Ti Is  peaks in the midst of the Al features. 
High resolution spectra of Mg KLL, Mg Is, Ti KLL and Ti Is  are shown in figures 7.2a-d. 
The measured binding and kinetic energies of the photoelectron peaks and the Auger 
lines are given in table 7.1. The Mg Is  plasmons were studied to identify changes in the 
electronic structure of the PVD Mg-Ti alloys. Intensity ratios between the Mg Is  core 
level and the 1®* plasmons as well as their energy separation are given in table 7.2. The 
spectra were taken from pure Mg and the Mg-14wt%Ti and Mg-40wt%Ti alloys, and 
show a decrease in the intensity of the Mg Is  plasmons in the alloys compared to pure 
Mg. Changes in plasmon separations were also recorded. The Mg Is  1®' plasmon 
separation is approximately 1 eV higher in the Mg-40wt%Ti alloy than in pure Mg. The 
FWHM values for the plasmons increased with respect to the Mg Is  peak FWHM in all 
but one case, that of the Mg-14wt%Ti alloy. Both the plasmon energy and the intensity
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ratio of this alloy were very close to pure Mg. Considering the compositional 
inhomogeneity of the alloys [Baliga et al 1997, Mitchell and Tsakiropoulos 2000], the 
above observations can be attributed to a depletion in Ti in the area of analysis of the 
Mg-14wt%Ti alloy.
Changes in the Mg and Ti final state AP with alloy composition are shown in tables 7.3 
and 7.4 and figures 7.3 and 7.4 for the two metals respectively. The change of the 
Auger parameter for Mg relative to the pure metal increased as the solute content was 
increased. The reverse is seen for Ti, with the AP change decreasing as the level of Ti 
increases in the alloy. The Ti peaks in the Mg-8wt%Ti and Mg-14wt%Ti alloys were 
weak due to the low Ti content in these alloys. Therefore, there is some uncertainty in 
their peak positions and the calculated AP and CT values. Table 7.5 gives the values 
of the constants k and (dk/dN) used in the charge transfer calculations.
The results for the contribution of Mg to charge transfer are shown in table 7.6. The Mg 
to Ti charge transfer is in agreement with the electronegativity difference between the 
two elements, which is 0.3 units in the Pauling scale, with Mg being the least 
electronegative. The variation of the CT with composition is not clear, as the error bars 
are larger than any trends present. The initial state Auger parameter values are given in 
Tables 7.3 and 7.4 and in figures 7.3 and 7.4 for Mg and Ti respectively.
Two CT values have been obtained, as there are two limiting conditions in the 
calculations, that of a free atom (/c) and of an atom in a solid {k') [Gregory et al., 1993]. 
The Ti contribution to charge transfer occurring upon alloying was calculated using 
equation 8. Substituting the dk/dN values for Ti and using the Aq value calculated from 
equation 9, the change in charge Ax for the Ti atoms was obtained. The results are 
given in table 7.7. The negative change in charge indicates electron donation to Ti. 
This is in agreement with the Pauling electronegativites of the elements.
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7.4 Discussion
7.4.1 Auger parameter changes in metastable Mg(Ti) solid solutions
Titanium has hexagonal crystal structure and its atomic size lies within the favourable 
zone for solid solution formation, (the atomic difference between Mg and Ti is less than 
±12%) but the electronegativity difference (0.3 units in the Pauling scale) and the 
different valences restrict solid solubility. Moreover, the heat of solution of Ti in Mg is 
fairly positive (» 40 kj/m ole [Jones 71986]). Thus, solid solution formation is not 
favoured. These limitations have been overcome by PVD and the solid solubility of Ti in 
Mg has been extended far beyond its equilibrium value [Baliga et al 1997, Mitchell and 
Tsakiropoulos 2000].
In this study the experimental data obtained has been related to the bulk composition of 
the alloys and not to the corrected surface composition. As a result of the use of the 
high energy Cr Kp X-ray source, the sampling depth was increased dramatically, the 
surface sensitivity of the technique was significantly reduced and therefore the analysis 
is more representative of the bulk material [Diplas et al 2000]. This is an essential 
requirement when changes in Auger parameters are employed in order to probe the 
electronic structures of metals and alloys and to deduce information concerning the bulk 
rather than the surface of the material.
The reduction in the final state AP of Mg with increasing solute content (see table 7.3) 
indicates that as the Ti concentration increased the Mg core holes were screened less 
efficiently. The reverse, shown in table 7.4, occurs with the final state AP of Ti. The 
shift of the final state AP of Mg in the PVD Mg-Ti alloys is small, « -0.1 eV, when 
compared with the AP shift of Mg reported in previous studies using Al k^ radiation, 
which was approximately -0 .4  eV for similar level of solute content in a Mg-V alloy 
[Diplas 1998, Diplas et a /2000].
The final state Auger parameters given in Tables 7.3 and 7.4 include the ground state 
effects and relaxation effects of the atom after photo-ionization. Using the initial state 
Auger parameter (p) any effects due to the relaxation of the atom can be eliminated
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[Evans et al 1992]. The initial state Auger parameter contains the ground state effects 
of charge transfer (or charge redistribution) but suffers from energy referencing 
problems. This can be minimized by comparing differences in the initial state Auger 
parameters between pure metal and alloy. Figures 7.3 and 7.4 show the initial Auger 
parameter data for Mg and Ti. It can be seen that the initial state Auger parameter shifts 
are larger than the final state Auger parameter shifts, indicating that ground state charge 
transfer phenomena are probably not negligible. This gives us more confidence in the 
CT values obtained using the final state Auger parameters.
7.4.2 Implications of charge transfer for the lattice parameter of the Mg-Ti alloys
The CT values shown in Tables 7.6 and 7.7 can be explained qualitatively using a 
Drude-Lorenz type of argument based on the “jelium” model [Sutton 1993]. A 
comparison of the values of the CT of Mg in the Mg-Ti alloy system with those of the CT 
of Mg in the Mg-V alloy system (see figure 7.5) shows that the CT of Mg in the Mg-V 
alloy system is greater than in the Mg-Ti alloy system for a given solute concentration. 
This can be explained in terms of the structure of the parent crystal lattices. Since the Ti 
crystal is of a “closer type” than the Mg crystal, the titanium atoms in their parent 
hexagonal lattice “experience” a higher electron density compared to the electron 
density around them when they replace atoms in the more “open” lattice of Mg. In order 
for the embedding energy to be minimized, the electron density around the Ti sites in 
the Mg lattice has to be increased. The electron density around the V atoms in their 
parent lattice is higher compared to the Ti ones (inter-atomic distances in V are smaller 
than in Ti), hence the minimization of the embedding energy in a Mg-V solid solution 
should require higher charge transfer towards the solute atom sites than the charge 
transfer in a Mg-Ti solid solution.
Table 4.3 shows the lattice parameters of PVD Mg-Ti alloys. The decrease of both the a 
and c lattice parameters is attributed to the smaller atomic size of Ti. It is known 
[Raynor 1959] that the electron to atom ratio in Mg influences the c/a ratio. Substitution 
of Mg atoms by solute atoms with a valence higher than 2+ gives rise to an overlap from 
the first Brillouin zone at directions perpendicular to the c-axis. This overlap tends to
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expand the a-axis. With the e/a ratio being continuously increased the overlap extends 
to directions parallel to the c-axis causing a subsequent expansion of the c lattice 
parameter. However, changes in the lattice parameters of Mg alloys result from a 
combination of both the atomic size and valence factors. It seems that the lattice 
parameter variations in Mg-Ti alloys are influenced mainly by the atomic size factor. The 
lattice parameter variation in this study contradicts previous claims [Busk 1951] that the 
c/a ratio of Mg increases upon alloying with Ti.
Figure 7.6 shows the Mg Is  plasmons recorded from pure PVD Mg and the Mg-40wt%Ti 
alloy. The plasmon energy depends on the valence electron density (it is proportional to 
the square root of the valence electron density, [Egerton 1996] whilst the plasmon 
intensity and the plasmon width depend on how free are the valence electrons [Egerton 
1996]. Free electron metals such as Mg give sharp (high intensity) and narrow plasmon 
peaks. Introduction of Ti atoms into the Mg lattice would increase the valence electron 
density (valence of Ti is +4 and Mg +2). This explains the shift of the Mg Is  plasmons to 
higher binding energies (see table 7.2). The increased plasmon width and the decrease 
of their intensity is possibly related to formation of new hybrids via electron redistribution 
from the Mg sp bands (Mg valence configuration is 3s^3p^) to the Ti 3d band, where the 
electrons are more localized and more strongly bound.
The effect of forming a solid solution between Mg and Ti is a possible increase of the d 
occupancy of Ti atoms in the Mg lattice, which would tend to decrease the inter-atomic 
distances i.e., decrease the c and a lattice parameters. Moreover, as indicated by the 
Mg Is  plasmons, the valence electrons of Mg in the alloy participate in new atomic 
bonds, which involve the d band of Ti. If we consider that the atoms of transition metals 
are bonded with pd and/or spd hybrids, the charge transfer measured in this study is 
most probably related to the redistribution of the electron density around the solvent or 
solute atomic sites associated with the new hybrids formed in the alloy.
The experimental plasmon energy values can be compared to the values calculated 
using the lattice parameters of the alloys and the electron density of the pure 
components. Taking into account the increase in valence electron density upon alloying 
we have calculated the theoretical electron density of the alloys for different solute
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additions using the rule of mixtures. Plasmon energies were calculated after referencing 
these values with those of the pure elements and multiplying with the pure metal 
plasmon energies (see table 7.8). The calculated plasmon energy values for pure Mg 
and the Mg-40wt%Ti alloy are 11.00 and 12.47 eV respectively, and compare favourably 
with the experimental values of 10.80±0.14 and 11.82+0.14 eV for the same materials 
respectively. The trend in the data is also in agreement with the plasmon energy 
increases owing to the increased valence electron density with increasing Ti content in 
the alloys.
7.5 Conclusions
The variations in the Mg and Ti Auger parameters between their pure and alloyed states 
indicate that Ti (in contrast to Mg) is screened better in the presence of a core hole in 
the alloyed state than in the pure metal. This suggests a charge transfer from Mg to Ti, 
which is in agreement with the difference in their Pauling electronegativites. The 
amount of charge transfer for a given level of alloying addition is smaller in PVD Mg-Ti 
alloys than in PVD Mg-V alloys. This can be explained within the framework of the 
jellium model and the on site charge redistribution associated with the minimisation of 
the embedding energies of the transition metals in the alloys. The changes in the lattice 
parameters for PVD Mg-Ti alloys are influenced by the atomic size factor of the two 
atoms (and possibly by the formation of new hybridised bonds). The intensity of the Mg 
Is  plasmons decreases as the level of Ti alloying additions increase, which is possibly 
related to the formation of new hybrids via electron redistribution from the Mg sp band to 
the Ti 3d band, where the electrons are more localised and more strongly bound. The 
increase in the plasmon energy is due to the increase in the valence electron density 
upon alloying with Ti.
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Table 7.1: Mg and Ti photoelectron binding energies and Auger peak energies (± 0.1 
eV) in PVD Mg-Ti alloys. Data in italics are from work carried out in 1998.
Alloy wt%Ti Mg Is  (eV) Mg KLL (eV) ATi 1 s (eV) ATi KLL (eV)
Pure Ti ---- ---- 0 0
Pure Ti ---- ---- 0 0
Mg-46wt% Ti 1303.8 1185.9 0.2 -0.1
Mg-40wt%Ti 1304.2 1185.6 0.2 0.2
Mg-34wt% Ti 1304.0 1185.8 0.3 -0.2
Mg-26wt% Ti 1304.1 1185.7 0.6 -0.4
Mg-14wt% Ti 1304.4 1185.6 0.5 0.3
Mg-8wt%Ti 1304.4 1185.4 ---- ----
Pure Mg 1304.6 1185.5
Pure Mg 1304.2 1185.6 ----
Table 7.2: Energy separation and intensity ratios of the Mg Is  plasmons.
Material
Intensity ratio 
1s/1®‘ plasmon
Energy separation / eV
Pure Mg 2.3:1
Mg 1s/1®‘ plasmon: 10.55 
1®* plasmon/2"'' plasmon: 10.78 
2"'* plasmon/3'''^ plasmon: 11.08
Mg-14wt%Ti 2.9:1
Mg 1s/1®' plasmon: 10.70 
1®‘ plasmon/2"'' plasmon: 12.35
Mg-40wt%Ti 3.4:1
Mg 1s/1®‘ plasmon: 11.46 
1®‘ plasmon/2"'' plasmon: 11.82
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Table 7.3: Variation of the final and initial state AP of Mg in the PVD Mg-Ti alloys. Data 
in italics are from work carried out in 1998.
Material Mg final state AP/ eV Mg initial state AP/ eV
Mg-46wt%Ti 2489.6 ±0.15
■ Mg-40wt%Ti 2489.8 ±0.15 11508.0 ±0.4
Mg-34wt%Ti 2489.7 ±0.15
Mg-26wt%Ti 2489.8 ±0.15
Mg-14wt%Ti 2490 ±0.15 11508.2 ±0.4
Mg-8wt%Ti 2489.8 ±0.15 11508.3 ±0.4
Pure Mg 
Pure Mg
2490.1 ±0.15 
2489.8 ±0.15
11508.6 ±0.4
Table 7.4: Variation of the final and initial state AP of Ti in the PVD Mg-Ti alloys. Data in 
italics are from work carried out in 1998.
Material Ti final state AP / eV Ti initial state AP/ eV
Pure Ti 8978.2 ±0.15 18817.2±0.4
Pure Ti 8978.2 ±0.15
Mg-46wt%Ti 8978.3 ±0.15 18817.1 ±0.4
Mg-40wt%Ti 8978.6 ±0.15 18817.8±0.4
Mg-34wt%Ti 8978.3±0.15 18816.7±0.4
Mg-14wt%Ti 8978.6 ±0.15 18817.9±0.4
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Table 7.5: The values of k and (dk/dN) used in the charge transfer calculations [Gregory 
et a i 1993].
Element K(eV) k' (eV) dk/dN (eV) dk'/dN (eV)
Ti s-charge 7.14 13.42 -2.18 -4.1
Ti d-charge 14.44 14.7 -4.94 -5.03
Mg s-charge 8.84 11.39 -3.49 -4.5
Table 7.6: Mg contribution to charge transfer in the PVD Mg-Ti alloys. Data in italics are 
from work carried out in 1998.
Material
CT for atoms in a solid 
eVatom
CT for free atoms 
e'/atom
Mg-46wt%Ti 0.04 ±0.07 0.05 ±0.09
Mg-40wt%Ti 0.07+0.07 0.09 ±0.09
Mg-34wt%Ti 0.01 ±0.07 0.02 ±0.09
Mg-26wt%Ti 0.01±0.07 0.01 ±0.09
Mg-14wt%Ti 0.02 +0.07 0.03 ±0.09
Mg-8wt%Ti 0.07 +0.07 0.09 ±0.09
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Table 7.7: The Ti 3d band contribution to charge transfer in the PVD Mg-Ti alloys. Data 
in italics are from work carried out in 1998.
Material
CT for atoms in the solid 
(eVatom)
CT for free atoms 
eVatom
Mg-46wt%Ti -0.09 ±0.26 -0.04 ±0.08
Mg-40wt%Ti -0.33 ±0.27 -0.12 ±0.08
Mg-34wt%Ti -0.14 ±0.24 -0.05 ±0.08
Mg-26wt%T\ -0.21 ±0.24 -0.07 ±0.08
Mg-14wt%Ti
Mg-14wt%Ti
-0.85 ±0.33 
-0.42 ±0.26
-0.29 ±0.08 
-0.14 ±0.08
Table 7.8: Calculated and experimental values of the Mg Is  plasmon energies.
Material
calculated plasmon 
energy / eV
experimental plasmon 
energy / eV
Pure Mg 11.00 10.80±0.15
Mg-26wt%Ti 11.43
Mg-34wt%Ti 12.04
Mg-40wt%Ti 12.47 11.82±0.15
Mg-46wt%Ti 12.79
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Figure 7.1: Cr Kp XPS survey spectrum of PVD Mg-46wt%Ti, showing main 
spectroscopic features used in the study and the Al Kx spectrum induced by leakage 
radiation from the rotating anode source. The Ti Is, Ti 2s, Mg Is  and Ti KLL peaks are 
Cr Kp excited. The Al K« radiation is responsible for the Mg 2p, Mg KLL, 0  1s and Ti 2p 
emissions. This characteristic of the Cr Kp source is discussed by Diplas et al [2001]. 
Note the presence of the Cr Kp excited Ti Is  peak amongst the Al K» excited features. 
The spectrum is representative of all alloys.
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Figure 7.2a: High resolution scan of the Mg KLL Auger peak of the PVD Mg-8 wt%Ti 
alloy. The spectrum is representative of all alloys.
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Figure 7.2b: High resolution scan of the Cr Kp excited Mg Is  photoelectron peak of the 
PVD Mg-8 wt%Ti alloy. The spectrum is representative of all alloys.
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Figure 7.2c: High resolution scan of the Cr Kp excited Ti Is  photoelectron peak of the 
PVD Mg-40wt%Ti alloy. The spectrum is representative of all alloys.
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Figure 7.2d: High resolution scan of the Cr Kp excited Ti KLL Auger peak of the PVD Mg- 
40wt%Ti alloy.
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Figure 7.3: Variation in the initial state and final state AP of Mg with Ti content.
Final AP Initial AP
2.5S
i.
E 2.0 -
i
I
S p
I 0.5 -0.0 -
I -0.5 -
- 1.0
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.00.0
Mg-at%Ti
Figure 7.4:Variation in the initial state and the final state AP of Ti with Ti content.
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Figure 7.5: Variation of the CT of Mg in two alloys systems, k value calculated for free 
atoms, k' value calculated for atoms in a solid (see text).
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Figure 7.6a: Mg Is  photoelectron peak with its associated plasmons of the PVD Mg- 
40wt%Ti alloy.
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Figure 7.6b: Mg Is  photoelectron peak with its associated plasmons of pure PVD Mg.
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Chapter 8 Conclusions and suggestions for future 
work
8.1 Conclusions
• Mg-Ti alloys with up to 46wt%Ti in solid solution have been produced by PVD. 
Titanium nano sized precipitate were formed in one aiioywhere solid solubility was 
not retained during processing by PVD.
• The in-situ mechanical working performed on these alloys had little effect on the 
general microstructure but it did reduce porosity by closing pores and flattening 
surface asperities.
• The in-situ mechanical working effect was restricted to within 200-400nm of the 
flail line. The lattice parameters and the thermal stability of the alloys decreased 
with increasing Ti content, the most stable solid solution breaking up above 566 
K.
• The air formed surface oxide film contained a mixture of MgO and TiOg covered 
by Mg(0H)2 and hydromagnesite at the outermost surface. Magnesium oxide 
and titanium oxide were also formed at the columnar boundaries of the PVD 
microstructure that was not affected by in-situ mechanical working.
• The corrosion resistance of the PVD in-situ mechanically worked Mg-Ti alloys in 
3wt% NaCI was inferior to that of pure PVD Mg. The corrosive attack was more 
favourable at the sites of mechanical working owing to the different 
microstructure and higher Mg concentration at the flailed areas and resulted in 
the exfoliation of the alloys. The corrosion product contained a mixture of MgO, 
TiOg and some Mg(OH ) 2  at the outermost surface.
• It would appear that flailing was not beneficial to the corrosion behaviour of PVD 
Mg alloys since it led to the formation of narrow bands of worked material 
surrounded by wide regions of the typical PVD microstructure.
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• Isothermal forging of a PVD Mg-Zr alloy eliminated almost all the characteristic 
PVD features. The microstructure of the forged alloy consisted predominately of 
equiaxed grains with almost no compositional banding.
• The isothermal forging eliminated completely the severe cracking seen 
previously in as deposited PVD Mg-Zr alloys.
• The surface film formed on the forged Mg-Zr alloy consisted mainly of MgO with 
possibly some Mg(0H)2 also being present. The corrosion products after total 
immersion corrosion tests were identified as MgO and Mg(0H)2. No conclusive 
evidence was found for the participation of Zr in the corrosion products formed 
on the isothermally forged Mg-2wt%Zr alloy after immersion in 3wt% NaCI.
• The alloying behaviour of Ti in Mg has been studied using high energy XPS and 
measurements of Auger parameter changes. In the presence of a core hole Ti 
was screened better in the alloyed state than in the pure metal (in contrast to 
Mg). This suggests a charge transfer from Mg to Ti.
• The amount of charge transfer for a given level of alloying addition was smaller 
in PVD Mg-Ti alloys than in the PVD Mg-V alloys studied by Diplas and co­
workers.
• The intensity of the Mg Is  plasmons decreased as the level of Ti alloying 
additions increased. This is probably related to the formation of new hybrids via 
electron redistribution from the Mg sp band to the Ti 3d band, where the 
electrons are more strongly bound. The increase in the plasmon energy was 
due to the increase in the valence electron density upon alloying with Ti.
• The changes in the lattice parameter of PVD Mg-Ti alloys are possibly influenced 
by the formation of new hybridised bonds.
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8.2 Future work
Titanium and Zr are useful alloying elements to Mg for developing alloys using PVD, but 
the importance of the alloy microstructure on mechanical and environmental properties 
should not be underestimated. The in-situ mechanical working technique as applied 
currently reduces the porosity in PVD Mg-Ti alloys but has failed to alter both the 
compositional inhomogeneity (banding) and the columnar microstructure in the bulk of 
the alloys. Further work should concentrate on changing the microstructure of the PVD 
alloy via techniques similar to the isothermal forging used in the case of the Mg-Zr alloy. 
The microstructure of the Mg-2wt%Zr alloy was predominately changed from a columnar 
microstructure to an equiaxed one by forging. This technique should also be applied to 
Mg-Ti alloy in the first instance. Extrusion could also be used, if enough material could 
be prepared by PVD.
Further studies should be completed on isothermally forged PVD Mg-Zr alloys of 
increased solute content to determine if the results obtained in this work are typical of 
such alloys.
This study and that of Diplas [1998] has produced a systematic investigation of the 
alloying behaviour of Ti and V in Mg alloys. It is essential to extend further the Auger 
parameter studies for the calculation of charge transfer in a range of PVD Mg-Zr alloys 
with higher Zr content. Extension of the charge transfer calculations to other PVD Mg 
alloys such as Mg-Cr, Mg-Si and Mg-Mn would also help to develop an overall picture of 
alloying behaviour of Mg at the electronic level.
The investigation of the corrosion behaviour of the isothermally forged Mg-2wt%Zr alloy 
was not completed in this thesis owing to lack of material. The corrosion behaviour of 
PVD Mg-Zr alloys with different Zr solute additions and with/without isothermal forging 
should be studied systematically to asses the effect of isothermal forging on the 
microstructure and properties of PVD Mg alloys properly.
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